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Abstract

The Wnt signaling pathway represents the principal evolutionarily conserved
signaling cascade found in all multicellular organisms. It plays a key role not only in many
processes during embryogenesis, but also in maintaining tissue homeostasis and
regeneration. By contrast, mutations in genes encoding components of the pathway often
result in increased activation of Wnt signaling and underlie onset of many human diseases,
particularly cancer.

The canonical Wnt signaling pathway is essential for proliferation and maintenance
of the pluripotent state of intestinal stem cells and thus for homeostatic renewal of the
intestinal epithelium. However, aberrant (hyper)activation of the Wnt signaling pathway is
the initial step in development of intestinal neoplasia. Understanding the causes and
identifying the consequences of the Wnt signaling hyperactivation is crucial for deciphering
mechanisms leading to malignant transformation. Although the canonical Wnt signaling
pathway has been the subject of scientific studies for several decades, all regulatory
mechanisms and consequences of its hyperactivation have not been completely elucidated
yet. During my PhD studies, I focused on understanding function(s) of some components
and target genes of this signaling cascade. In this theses, results of my first author and one
co-author publication are presented, which deal with two genes directly linked to Wnt
signaling.

In my first-author publication, we studied the function of the msh homeobox 1
(MSX1) transcription factor in mouse and human intestines and tumors. We used a mouse

model of the human disease Familial adenomatous polyposis (the Apc™™"

mice) and mouse
models harboring conditional knock-out alleles of the tumor suppressor gene adenomatous
polyposis coli (Apc) and MsxI. These mice were intercrossed with mice expressing
(regulated) Cre recombinase throughout the intestinal epithelium (Villin-Cre and Villin-
CreERT?) or in the intestinal stem cells (Lgr5-EGFP-IRES-CreERT?2), i.e. strains which
enable spatiotemporal inactivation of the specific gene(s). We found that Msx1 is essential
during formation of the so-called ectopic crypts, which are pouches of proliferating cells
aberrantly occurring in the otherwise differentiated villous compartment after inactivation
of the tumor suppressor gene adenomatous polyposis coli (4pc). Ectopic crypts have been
described as a typical morphological feature of human serrated adenomas, which represent

an aggressive type of intestinal polyps. Moreover, we suggest that Msx 1 inactivation leads

to a morphological conversion of intestinal tumors from tubular to villous adenomas, which
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is in humans associated with more advanced stages along the path towards fully developed
carcinoma and a worse survival prognosis. We also found out that Msx1 represents a robust
marker of human colorectal carcinomas with the most elevated expression in the early
stages of tumorigenesis. In the second publication, we described the role of a tumor
suppressor hypermethylated in cancer 1 (Hic/) in mouse intestines. Using mice harboring
conditional alleles of the Hicl gene and expressing Cre recombinase throughout the
intestinal epithelium, we described that Hic/ loss leads to increased numbers of
differentiated intestinal epithelial cells and elevated levels of toll-like receptor 2 (71r2).
Consequently, TIr2 activates the NF-kB signaling pathway, which promotes intestinal

tumorigenesis.

Key words: Wnt signaling, MSX1, HIC1, colorectal cancer, ectopic crypts
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Abstrakt

Signalni drdha Wnt predstavuje dilezitou evolu¢né konzervovanou signalni
kaskadu, ktera se nachazi u vSech mnohobunécénych organismi. Signéalni draha Wnt hraje
kli¢ovou roli nejen v mnoha procesech béhem embryogeneze, ale také v udrzovani tkanové
homeostazy a pfi regeneraci. Oproti tomu mutace v genech kodujicich komponenty signalni
drahy Wnt c¢asto vedou k jeji zvySené aktivaci a jsou pfi¢inou vzniku mnoha lidskych
onemocnéni, zejména rakoviny.

Kanonicka signalni drdha Wnt je nezbytna pro bunécnou proliferaci a udrzovani
pluripotentniho stavu stfevnich kmenovych bunck, a tim pro homeostatickou obnovu
sttevniho epitelu. Aberantni (hyper)aktivace signalni drahy Wnt piedstavuje pocatecni krok
ve vyvoji stfevnich neoplazii. Pochopeni pfi¢in a identifikace nasledkli hyperaktivace
signdlni drdhy Wnt je zésadni pro rozlusténi mechanismli vedoucich k maligni
nékolik desetileti, vSechny regulacni mechanismy a disledky jeji hyperaktivace nebyly
dosud zcela objasnény. Béhem mého doktorského studia jsem se zaméfila na pochopeni
funkci nékterych komponent a cilovych gent této signalizacni kaskady. V této praci jsou
prezentovany vysledky mé prvoautorské a jedné spoluautorské publikace, které se zabyvaji
dvéma geny piimo spojenymi se signalni drahou Wnt.

V ramci mé prvoautorské publikace jsme studovali funkci transkripéniho faktoru
msh homeobox 1 (MSX1) v mysi a lidské stievni tkani a nddorech. Pouzili jsme mySi model
lidského onemocnéni Familidlni adenomatozni polypo6za, tedy mysi se zkracenou alelou
tumor supresorového genu adenomatous polyposis coli (Apc), které v dospélosti vyvinou
etné stievni polypy (mysi kmene Apc™™™"). Dale jsme pouzili mysi, které obsahovaly
podminéné alely genii Apc a MsxI. Tyto mySsi byly kiizeny s mySimi kmeny, které
exprimovaly (regulovanou) Cre rekombinazu v celém stievnim epitelu (Villin-Cre a Villin-
CreERT2) nebo ve stfevnich kmenovych bunkach (Lgr5-EGFP-IRES-CreERT2) - tedy
s kmeny umoziujicimi €asove 1 prostoroveé regulovanou inaktivaci specifickych gent.
Zjistili jsme, Ze protein Msxl je nezbytny pii tvorbé takzvanych ektopickych krypt, coZ jsou
kapsovité utvary tvotené proliferujicimi bunikami, jeZ se po inaktivaci genu Apc aberantné
vyskytuji v jinak diferencovaném vilovém kompartmentu. Ektopické krypty byly popsany
jako typicky morfologicky rys lidskych adenomi se ,,zoubkovanym‘ uspofadanim epitelu
krypt (,,serrated adenoma), které piedstavuji agresivni typ stievnich polypl. Kromé toho

se domnivame, Ze inaktivace genu Msx/ vedla k morfologické konverzi stfevnich nadort z
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tubularnich na vilézni adenomy, coz je u lidi spojeno s pokrocilejSimi stadii kolorektalnich
karcinomu a horsi prognézou preziti. Zjistili jsme také, ze MSXI ptedstavuje robustni
marker lidskych kolorektalnich karcinomt s nejvyssim vyskytem v pocatecnich stadiich
tumorigeneze. Ve druhé publikaci jsme popsali ulohu nadorového supresoru
hypermethylated in cancer 1 (Hicl) v mysi stfevni tkdni. S vyuzitim mysi, které¢ obsahuji
podminéné alely genu Hicl a exprimuji Cre rekombinazu v celém stfevnim epitelu, jsme
popsali, ze ztrata Hicl vede ke zvyseni poctu diferencovanych sttevnich epitelidlnich bunék
a zvySené hladin€ mRNA toll like receptor 2 (77r2). Protein Tlr2 nasledn¢ aktivuje signalni

drahu NF-kB, kterd podporuje stfevni tumorigenezi.

kli¢ova slova: signalni draha Wnt, MSX1, HIC1, rakovina tlustého stfeva, ektopické
krypty
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1 Overview of the literature

1.1 The Wnt signaling pathway

The Wnt signaling pathway has been the subject of many scientific studies since
1982, when Roel Nusse and Harold Varmus discovered proto-oncogene integration 1
(Int1), which was activated in mouse breast tumors upon infection with mouse mammary
tumor virus (MMTV). Intl was the first described member of the Wnt gene family. The
family named was derived as an acronym of two gene names, wingless, the D. melanogaster
Intl paralog, and Intl, the letter gene was renamed as Wntl. Over more than three decades,
many important discoveries have been accomplished in the Wnt signaling field across
various areas of biology ranging from embryonic development to homeostasis in adult
tissues and numerous human diseases, including cancer. Although a great number of Wnt
signaling pathway components and mechanisms of its regulation have been already
described, there is still much to be discovered in this area of cellular signaling research.

Wnt proteins are extracellular signaling molecules that act as morphogens in
regulation of various processes during embryonic development, such as cell fate
determination, cell polarity, proliferation, and migration (reviewed in*>*’7). In adults, Wnt
signaling is essential for tissue homeostasis and regenerative processes following injury
(reviewed in'?> 4%%). Disruption or misregulation of Wnt signaling underlies development
of human malignancies and is involved in various degenerative diseases (reviewed in*>1%%),

Multiple Wnt genes have been identified in most metazoans (reviewed in!''®). In
mammals, 19 genes encoding different Wnt proteins have been discovered so far (reviewed
in?!"). Various Wnt ligands in combination with their receptors from the Frizzled family
and co-receptors from the low density lipoprotein receptor-related protein (LRP) family
activate several different branches of the Wnt signaling pathway: the B-catenin-dependent
so-called canonical Wnt signaling pathway, planar cell polarity (PCP) pathway, and
Whnt/calcium pathway (reviewed in®37-4%7). As there is a distinctive cross-talk between these
pathways, the more accurate idea of Wnt signaling is more like a network than individual
independent pathways (reviewed in®’").

The research topic I dealt with during my PhD studies concerns the canonical Wnt/-
catenin pathway, therefore other parts of the Wnt signaling network are not discussed.
Information on the non-canonical, i.e. B-catenin-independent, Wnt signaling pathways may

be found in numerous (recent) reviews>" %333,
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1.1.1 Situation in the Wnt-producing cell

Wnt proteins synthesized in Wnt-producing cells undergo several posttranslational
modifications essential for their delivery to the extracellular space and proper binding to
their receptors on target cells. All Wnt proteins consist of approximately 350 to 400 amino
acids including 23 to 24 conserved cystein residues, which play an important role when
folding their globular secondary structure (reviewed in?!”> 2#?). Mammalian Wnt proteins
contain a signal peptide that enables their targeting to the endoplasmic reticulum where
multiple oligosaccharides are appended to the asparagine residues. Interestingly, in
polarized epithelial cells such as of the small intestine, glycosylation processing determines
the secretory route of Wnt proteins to the apical or basolateral region of cell membrane*!?.

' and

The attachment of oligosaccharides presumably facilitates subsequent acylation!’
binding to extracellular heparan sulfate proteoglycans (HSPGs)®. Wnts are further modified
by palmitoleoylation at a conserved serine residue (Ser209 in murine Wnt-3a) by
membrane-bound O-acyltransferase porcupine!>® and palmitoylation at a conserved cystein
residue (Cys77 in murine Wnt-3a)*>. These lipid modifications are indispensable for
proper extracellular transport of Wnt proteins and their signaling activities'’! “*>. Once
modified, Wnt proteins are sorted by p24 receptor’> 2’ to coat protein II vesicles and
carried to the Golgi apparatus, where they are bound to wntless (Wls)/evenness interrupted

(Evi)/sprinter (Srt) transmembrane chaperon'!: 2

, and subsequently, transported within
Rab8-positive vesicles to the plasma membrane*’. Upon release of its cargo, Wls is
internalized by clathrine-mediated endocytosis from the plasma membrane to Rab5-
positive early endosomes and sorted back to the trans-Golgi network for another rounds of

Wnt secretion®* (Figure 1). This retrograde transport is mediated by retromer?® 78 231 269

7. a protein complex evolutionarily conserved from yeast to mammals®. The core
assembly of retromer is a trimer of vacuolar protein sorting (VPS) proteins
(Vps26/Vps29/Vps35)*!* that recognizes cargo proteins. Associated sorting nexin (SNX)
heterodimer®!®> (Vps5/Vps15 in yeast) binds to phosphatidylinositol-3-phosphate [PI(3)P]
molecules*S, bent the plasma membrane®® and consequently enable recruitment of the Vps
trimer. Retromer binding to plasma membrane and thus recyclation of Wls is regulated by
PI kinases* and PI(3)P phosphatases from myotubularin family**? that modulate the

(phospho)lipid composition of the plasma membrane and therefore influence its affinity to

retromer. When the retrograde path is impaired, Wls molecules are targeted from early
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endosomes to Rab7/Rab9-positive late endosomes/lysosomes where they are degraded.

Consequently, Wnt proteins are retained within the cell and the signaling is silenced.

Extracellular e
.
/ a
Early Endosome
 °

Retromer T

'k i & \*J SNX3

v _ l
O

S

’aC?“CT

Rab8
Rab7/Rab9

R A

VPS26, -29, -35
Wnt

SCXEXX

WIis/Gpr177

Late Endosome/Lysosome

Figure 1 | Model of Wnt secretion and WIls recyclation. Wnt proteins in the trans Golgi
network (TGN) associate with their receptor Wntless (Wls) and are delivered to the plasma
membrane in Rab8-positive vesicles. After Wnt release, Wls is endocytosed to Rab-5 positive
early endosomes and either recycled to TGN via retromer-mediated transport route or
transported to Rab7/Rab9-positive late endosomes for degradation (adopted from*’).

1.1.2 Wnt ligands transport in the extracellular space

Wnt proteins are known to form anteroposterior gradients during embryonic
development!®% 238 241: however, they can not diffuse freely in the extracellular space due
to their highly hydrophobic nature and therefore remain closely attached to cell surface or
extracellular matrix molecules. Various theories postulate possible mechanisms of how
Wnt proteins reach their final destinations. In short-range signaling, Wnt ligands are
transferred directly from the Wnt-producing to the Wnt-receiving cell that are in close
vicinity, such as Paneth and stem cells within the small intestinal epithelium®. Another
way how Wnt proteins can move on short distances is via association with HSPGs of the
glypican family®, cell surface molecules that are components of the extracellular matrix
(reviewed in'?!3%%). The long-range signaling may be realized in several mechanisms that
enable movement of Wnt molecules and thus spreading of the signal through extracellular
environment. Numerous studies described that Wnt proteins are released from cells inside

various vesicles such as argosomes”, exosomes’®, exosome-like vesicles'® 74 or
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lipoprotein particles®*”-2>2, Wnts can also be transported via signaling filopodia (reviewed
in*#%), dynamic cytoplasmic extensions that connect distant cells. Another mechanism of
the Wnt transport to distant places is on migrating cells. For example, in the chick embryo,
Wnt proteins produced by neurepithelial cells of the dorsal neural tube are loaded to
migrating neural crest cells that physically transport the cargo to target cells of the
dorsomedial lip, a medial compartment of dermomyotome?'®. Intriguingly, a recent study
on C. elegans shows directly for the first time that Wnt ligands are capable of free dispersal
in the extracellular space to establish long-range Wnt gradient>>3,

Upon release from Wnt-producing cell, Wnt ligands may be recognized and bound
by proteins that modulate the signaling amplitude. A group of natural Wnt antagonists
inhibit the signaling by direct binding to Wnt ligands and preventing their engagement with
the Frizzled and LRP receptor complexes, e.g. secreted Frizzled-related proteins (SFRP)!¥"-
190.397 “WWnt inhibitory factor-1''7, and Cerberus®®’. Alternatively, Wnt antagonists bind
directly to the Frizzled/LRP receptors, thus blocking their binding sites for Wnt ligands. To
this group of inhibitors belong proteins from Dickkopf (Dkk) family Dkk1, Dkk2, and
Dkk4 that bind the LRP5/6 co-receptors and together with the Kremen receptors trigger
their internalization from the plasma membrane, thus preventing formation of the
Frizzled/LRP complexes®” 17%-205-207.317 [ RP5/6 co-receptors may also be bound by other
secreted Wnt inhibitors, such as Wnt modulator in surface ectoderm'#? and Sclerostin'®3.
Wnt ligands may as well get engaged with positive regulators, e.g. an extracellular matrix
protein Periostin that recruits Wnts to mouse metastatic breast cancer stem cells, therefore
increasing the level of Wnt signaling leading to metastatic colonization of the lungs***. Wnt
signaling may be also promoted by endosulfatases Sulfl and Sulf2 which desulfates
heparin-sulfate chains on glypicans and thus loosen HSPGs linkage to Wnts, releasing the
ligands for binding to their receptors>®. Interestingly, Sulfl expression is activated by Wnt
signaling itself and therefore contributes as a feedback loop to establishment of the Wnt

gradient'®,

1.1.3 Situation in the Wnt-receiving cell

The so-called canonical Wnt signaling pathway is the best studied part of the Wnt
signaling network. It differs from other branches of the Wnt signaling network by the fact
that its activity is regulated by degradation or stabilization of B-catenin protein, therefore it

is also often referred to as the Wnt/B-catenin pathway (Figure 2). The B-catenin protein is
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divided within the cell into two separate pools with distinct functions. Firstly, the B-catenin
pool exerting structural functions is engaged in cell-cell junctions where it associates with
E-cadherins®®?. Secondly, free cytosolic p-catenin is under certain conditions translocated
to the cell nucleus where it interacts with transcription factors from T-cell factor/lymphoid
enhancer-binding factor (TCF/LEF) family and accomplishes its signaling functions by
modulating expression of Wnt signaling target genes'®> 2%,

In a situation when the Wnt ligand is not present, B-catenin is marked for degradation
by a protein complex called the B-catenin destruction complex. The complex contains
casein kinase 1 alpha (CK1a)!? and glycogen synthase kinase 3 beta (GSK3B)*7 which
are responsible for B-catenin phosphorylation. Interaction between the kinases and -
catenin is enabled by scaffold proteins axis inhibition protein'*> (Axin) 1/2 and

)1%4 which are both tumor suppressors. CKIa and GSK3

adenomatous polyposis coli (APC
mediated phosphorylations promote B-catenin ubiquitination by beta-transducin repeat
containing E3 ubiquitin protein ligase (BTrCP) and its subsequent proteasomal
degradation’ '%®. This mechanism allows cells to maintain low levels of B-catenin in the
cytoplasm and therefore low expression of Wnt target genes, as the effector transcription
factors from the TCF/LEF family are bound by a transcription corepressor Groucho** 2%
(Figure 2, left).

When Wnt signaling is active, Wnt ligands bind to cell surface receptor complex
composed of the Frizzled receptor and coreceptor LRP5/6. This interaction induces a
cascade of intracellular events that lead to phosphorylation of the adaptor protein
Dishevelled (Dvl) and its recruitment to the Frizzled/LRP5/6 complex. Subsequently, Axin
protein is recruited by Dvl to the cell membrane which results in breakup of the B-catenin
destruction complex. Beta-catenin then translocates to the cell nucleus where it associates
with transcription factors from the TCF/LEF family and multiple co-activators and initiates
transcription of the Wnt target genes (Figure 2, middle; reviewed in®"), e.g. achaete-scute
complex homolog 2 (Ascl2)'3, Axin2"% 198414 cyclin D1°% 3%, cMyc'?’, naked cuticle 1
(Nkd1)**, olfactomedin 4 (Olfin4)'**, and tumor necrosis factor receptor superfamily,
member 19 (Tnfisf19, alternative name Troy)® 28!,

In the absence of the Wnt stimulus, the pathway may be aberrantly activated as a

result of mutations in genes encoding key components of the pathway. The mutations

mostly include inactivating mutations of the tumor suppressor APC (Figure 2, right).
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Figure 2 | The canonical Wnt signaling pathway.

Left, in the absence of Wnt stimulus, the so-called B-catenin destruction complex composed of
adenomatous polyposis coli (APC), axis inhibition (Axin), casein kinase 1 alpha (CKla),
glycogen synthase kinase 3 beta (GSK3f), and beta-transducin repeat containing E3 ubiquitin
protein ligase (BTrCP) enables phosphorylation and subsequent ubiquitination of B-catenin
(Bcat) leading to its degradation in proteasome. T-cell factor/lymphoid enhancer-binding factor
(TCF/LEF) transcription co-factors are bound by the transcription repressor Groucho in an
inactive state and therefore the Wnt target genes transcription is turned off. Middle, association
of Wnt ligand with its receptor Frizzled and co-receptor low density lipoprotein receptor-related
protein (LRP) induces LRP phosphorylation that leads to Axin recruitment to the cell membrane
followed by disassembly of the destruction complex. Stabilized B-catenin then translocates to
the cell nucleus and together with its transcription co-factors TCF/LEF activates transcription
of Wnt target genes. Right, inactivating mutations in the APC tumor suppressor gene result in
production of the truncated protein that in most cases has no longer the ability to scaffold the
destruction complex, therefore B-catenin is not degraded and may enter the nucleus. In such

cases, the Wnt pathway is activated even without presence of the Wnt ligand (adopted from?**).
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1.2 The gut

Mammalian bowel is a long tube connecting the stomach and the rectum. The organ
consists of the small and large intestine. The main function of the small intestine is to absorb
water and nutrients from food, but it also acts as an important constituent of the immune
system. Duodenum is the initial segment of the small intestine where the food from the
stomach comes and into which bile and pancreatic ducts deliver essential enzymes for food
digestion. The following and the longest section of the small intestine is jejunum, which is
terminated by ileum that enters caecum. From the caeccum comes out the colon which is
responsible for final absorption of nutrients and water, synthesis of vitamins and
elimination of feces through rectum out of the body.

The intestinal wall consists of four layers of specialized tissue. Serosa is the
outermost layer of connective tissue interwoven with blood and lymphatic vessels and
nerves. The underlying muscularis propria consisting of two smooth muscle layers (outer
longitudinal and inner circular layer) induces rhythmic contractions that generate the
peristaltic gut movement essential for proper locomotion of the chymus. The submucosa is
a dense irregular connective tissue layer undearneath; in the duodenum it contains
Brunner’s glands that produce alkaline mucus necessary for neutralization of the acidic
chymus coming from the stomach. The innermost layer, the mucosa, is further divided into
three layers: a thin smooth muscle layer (muscularis mucosae), connective tissue layer
(lamina propria), and finally the single cell layer of epithelial cells lining the gut lumen.
Being completely renewed every 3-5 days, the small intestinal epithelium exhibits one of
the highest turnovers from all human tissues and therefore represents a suitable object for
studying mechanisms of tissue regeneration and adult stem cells, as various phenotypic
changes in the tissue occur already within couple of days after the damage or genetic

manipulation (reviewed in®%).

1.2.1 Architecture of the intestinal epithelium

The single layer epithelium that lines the lumen of both the small intestine and the
colon permeates into the underlying mesenchyme to form gland-like pits called crypts
which serve as niche for intestinal stem cells (ISCs). The inner surface of the small
intestinal mucosa is increased by circular folds (plica circulare) covered with finger-like
protrusions called villi which are composed of fully matured cells responsible for digestion-

and resorption-associated functions of the tissue. Contrary, the inner surface of the colon is
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flat and matured cell types occupy upper parts of the crypts. Every 24 hours, the ISCs
undergo a symmetrical division and either retain their stemness or exit the crypt base and
become transit amplifying (TA) cells**°. TA cells are committed progenitors that migrate
through the upper region of the crypt where they undergo up to six rounds of cell divisions,
commencing differentiation at around the third generation (reviewed in*®). Once leaving
the crypt-villus border, TA cells terminally differentiate into one of the absorptive or
secretory cell lineages and migrate towards the top of the villus where they are “squeezed
out” into the gut lumen. The process is closely interconnected with programmed cell death,
although it is still an open question whether apoptosis is the cause or effect of epithelial
cells shedding (reviewed in*®").

Absorptive enterocytes with microvilli protruding from their apical membrane that
further increase the epithelial surface for nutrient and water uptake represent the most
numerous cells of the small intestinal epithelium. The most abundant secretory cells are
goblet cells, which represent approximately 4 % of epithelial cells in the duodenum and
exhibit increasing abundance along the anterior-posterior axis into approximately 16 % in
the distal colon (reviewed in'>"). Goblet cells secret mucin, the major component of mucus
layer which is an important protective barrier between the epithelial cells and intestinal
contents. Enteroendocrine cells producing peptide hormones represent a minor population
(<1%)**7 of secretory cells. Paneth cells are the only known population of differentiated

139 contribute to

cells that reside at the crypt base. They persist in the crypt for 6-8 weeks
stem cell niche maintenance®'” and produce antimicrobial peptides, such as lysozyme 1
(Lyz1)**! and o-defensins (alternative name cryptdins)’>**!. Two minor cell populations of
recently discovered cells seem to be predominantly active within the immune response to
pathogens, these are tuft cells producing opioids and cyclooxygenase enzymes® and M-
cells that uptake intraluminal antigens and transport them to lymphocytes in the Peyer’s
patches lying beneath the epithelial layer>®. Finally, enterocytes-resembling brush cells are
abundant in the epithelium adjacent to the Peyer’s patches; their contacts with axons
suggest chemosensory functions®” 22°, Although stem cells were discovered also in colon
crypts!?, Paneth cells were not. Nevertheless, colon crypts also contain supporting cells.
Recent studies identified a group of regenerating gene 4 (Reg4)-positive deep crypt
secretory (DCS) cells*® as a subpopulation of cKit/CD117-positive goblet cells**°. These

cells seem to fulfill the niche-maintainig functions within the colonic crypt base.
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1.2.2 Pathways regulating intestinal homeostasis

The equilibrium between cell proliferation and differentiation is governed by a tightly
regulated network of various signaling cascades that establish gradients of signaling
molecules along the crypt-villus axis (Figure 3). The major driving force behind intestinal
crypt maintenance is the Wnt/B-catenin signaling that synergistically with the Notch
signaling pathway sustains the proliferative and undifferentiated status of stem and
progenitor cells. Additionally, proliferation of stem and progenitor cells is supported by
epidermal growth factor (EGF) signaling. Conversely, differentiation is inhibited within
the crypt base by production of bone morphogenetic protein (BMP) antagonists. On the
other hand, BMP signaling together with Hedgehog pathway promote cell differentiation
in the villi. The signaling system of Ephrin B (EphB) receptors and ephrin-B ligands,
expressed in opposing gradients, contributes to segregation of differentiated cells.
Deregulation of these signaling pathways often disturbs cellular composition of the
epithelium and eventually may result in neoplasia formation (reviewed in'’% 177-226),

The increasing gradient of Wnt ligands towards the crypt base ensures proliferative
and undifferentiated status of stem and progenitor cells, and, moreover, contributes to
proper differentiation of Paneth cells* 233, Disruption of Wnt signaling by expression of
Whnt inhibitors such as Dkk1 or by removal of Tcf4 or B-catenin leads to loss of stem cells
which is accompanied by degeneration of the epithelial architecture'*® 17313 In contrast,
aberrant activation of Wnt signaling, mostly triggered by inactivating mutations in the Apc
gene, causes hyperproliferation of intestinal stem cells followed by enlargement of the crypt
compartment®® leading to neoplastic formation and tumor development in the small
intestine and colon.

The Wnt signaling pathway is sophistically modulated in order to control stem cells
renewal. The cooperation of the Hedgehog and BMP signaling pathways counterbalance
Wnt activity to prevent stem cells hyperproliferation and facilitate differentiation of their
descendants'®® 37, In brief, Sonic hedgehog (Shh) and Indian hedgehog ligands produced
by TA cells bind to their receptor Patched on the surface of mesenchymal cells, which
induces production of BMPs. Soluble BMP molecules bind their serine/threonine kinase
receptors on mesenchymal and epithelial cells that transduce the signal to the nucleus
through the Smad family member (SMAD)1/5/8 and SMAD4 transcription (co)factors or
via other signaling cascades, e.g. phosphatidylinositol-3-kinase (PI3K)/AKT, p38 or c-Jun

N-terminal kinase (reviewed in**®). SMAD-mediated transcription repression affects
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expression of stem cell signature genes and thus restricts stem cells expansion®®’. While the
progenitor cells are exposed to increasing concentration of pro-differentiation BMP signals
during their migration towards the crypt-villus border, stem cells residing at the bottom of
the crypt are exposed to high concentrations of BMP inhibitors. In the small intestine,
mesenchymal cells produce a BMP antagonist Noggin that sequesters BMP ligands and
thus prevents their binding to BMP receptors (reviewed in!®®). Colonic stem cells are
protected by BMP antagonists gremlin 1/2 and chordin-like 1 which are produced by
myofibroblasts and smooth muscle cells surrounding the colon crypts!”.

The decreasing gradient of Wnt ligands towards the top of the villus induces a reverse
gradient of EphB receptors and ephrin-B transmembrane ligands expression. This signaling
system governs compartmentalization along the crypt-villus axis and proper localization of
epithelial cells by modulating their adhesion through E-cadherin containing cell junctions'®
(reviewed in**). High activity of Wnt signaling in cells residing at the crypt base (stem and
Paneth cells) induces expression of EphB3 receptor and simultaneously inhibits expression
of ephrin-B1 ligand; EphB2 receptor is expressed in all proliferating crypt cells with a
decreasing intensity from the crypt bottom to the crypt-villus border'. When the progenitor
cells migrating towards the crypt orifice escape the zone of active Wnt signaling, repression
of ephrin-B1 ligand weakens. At the interface between populations expressing EphB
receptor and ephrin-B1 ligand, a locally activated metalloproteinase ADAMI10 cleaves E-
cadherin, which leads to asymmetric distribution of EphB receptor and, consequently,
altered affinity between the two cell populations. Therefore the lack of EphB2 expression
in Paneth cells prevents them from escaping the crypt compartment and high EphB3
expression level facilitates their adhesion to cells in the crypt bottom>*.

The Wnt and Notch signaling pathways work synergistically to preserve the
undifferentiated and proliferating stem and progenitor cells in the crypt compartment®*’. In
stem cells, the Notch signaling is activated via interaction of redundant Notch1 and Notch2
receptors with delta-like 1 (DI11) and DIl4 transmembrane ligands present on the surface
of Paneth cells’® 2%, The signal is then transmitted by activation of hairy/enhancer of split
1 (Hesl) transcription factor expression, which inhibits transcription of cyclin dependent
kinase (CDK) inhibitors p27X%#! and p57XiP? 26 Notch signaling is also important during
decision making between adoption of absorptive or secretory cell fate. Hes1 inhibits atonal
homologue 1 (Atohl), a transcription factor that promotes adoption of secretory cell fate,

and thus induces progenitor cells differentiation into absorptive enterocytes (reviewed in
330).

26



Signaling initiated by ligands that belong to the EGF family or a closely related
ErbB/HER/Neu family is transmitted through their tyrosine kinase receptors that activate
several signaling pathways responsible for cell proliferation and survival, such as mitogen
activated protein kinase (MAPK) cascade. At the same time, intestinal stem cells regulate
the extent of niche expansion by elevated expression of transmembrane leucine-rich repeats

)247, 408

and immunoglobulin-like domains protein 1 (Lrigl which attenuates the

EGFR/ErbB signaling in a negative feedback manner”® and, simultaneously, promotes the
anti-proliferative BMP signaling®*’. In addition to proliferation-promoting activity, the

EGFR signaling is also important in inhibiting apoptosis of stem and progenitor cells®>!.
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Figure 3 | Signaling cascades regulating homeostasis of the intestinal epithelium.

At the crypt bottom reside fast cycling Leucine-rich repeat-containing G-protein coupled
receptor 5 (Lgr5)-positive stem cells among post-mitotic Paneth cells. Four cell diameters from
the crypt bottom is a quiescent population of reserve, Bmil" inestinal stem cells. Stem cells
generate transit amplifying (TA) cells, which are progenitors of differentiated lineages. The
balance between proliferation and differentiation is regulated by a complex network of
signaling cascades. The Wnt and Noth pathways synergistically maintain proliferating state of
stem and TA cells and have important functions in lineage specification. An oposing gradient
of EphB receptors and ephrin-B ligands enables spatial segregation of crypt compartments.
BMP and Hedgehog pathways activity on villi restrain proliferation and promote
differentiation. BMP signals at the crypt bottom are revoked by BMP antagonists of
mesenchymal origin. EGF-dependent signaling induces proliferation and inhibits apoptosis in
TA cells (adopted from'7®).
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1.2.3 Intestinal stem cells

As already indicated, the intestinal epithelium is very dynamic and the turnover of
differentiated cells is approximately 3 to 5 days. To ensure such fast renewal, very rapidly
dividing stem cells in the crypt base continuously refill the compartment of proliferating
TA (progenitor) cells which then give rise to differentiated cell lineages. Stem cells of the
small intestine were first recognized by physician Joseph Paneth, who already in 1887
depicted in his hand drawing large granular cells at the bottom of the small intestinal crypt
(later named Paneth cells) and morphologically very different cells incised among them
(Figure 4A). Several decades later, these cells were described as “genuine” ISCs (reviewed

in®).

A

Figure 4 | Visualization of the Paneth cells and intestinal stem cells.

(A) Joseph Paneth’s hand drawing of the small intestinal crypt showing the Paneth cells (large
white cells) and prospective stem cells (thin dark cells; indicated by dotted line and letter “s”);
(B) First image of the intestinal stem cell between two Paneth cells (with distinct lysosyme-
containing granules) obtained by electron microscope; (C) Confocal image of the crypt isolated
from Lgr5-EGFP-IRES-CreERT2 mouse, stem cells endogenously express green fluorescent
protein (GFP; adopted from™®).

1.2.3.1  Intestinal stem cell populations

Fast-cycling stem cells / Crypt base columnar (CBC) cells

The first mention of rapidly dividing cells located at the bottom of small intestinal
crypts dates back to 1974 when Cheng and Leblond showed that all cell lineages of the
intestinal epithelium originate from a single source'*’; moreover, they displayed for the

first time intestinal stem cells [termed crypt base columnar (CBC) cells] by electron
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microscopy (Figure 4B)!'?°. In the following years, several experiments using chemical
mutagenesis confirmed that these cells are indeed stem cells and, moreover, the
experiments revealed the clonal character of the crypts®>. With more advanced methods of
genetic manipulations, more elegant ways of lineage tracing were implemented. In 2007,
Barker and colleagues identified the Wnt target gene leucine-rich repeat-containing G-
protein coupled receptor 5 (Lgr5)*’%, a transmembrane receptor of small molecules R-
spondins (Rspo) that enhance Wnt signaling?, as a marker of rapidly cycling stem cells
residing at the crypt base in both small intestine and colon!2. Introduction of a knock-in
allele Lgr5-EGFP-IRES-CreERT2 into the mouse genome enabled direct visualization of
CBC cells (Figure 4C), as the green fluorescent protein (GFP) is expressed directly from
the Lgr5 locus. Since Lgr5-EGFP-IRES-CreERT2 mice produce inducible CreERT2
enzyme after crossing to ROSA26-LacZ reporter animals, lineage tracing experiments of
cells originating from Lgr5" stem cells were performed. Within five days after CreERT2
recombinase activation, Lgr5" cells generated all differentiated cell lineages. The LacZ
signal was observed as ribbons of blue cells running from the crypt bases to top of the villi;
the signal persisted in the tissue for more than 60 days (many blue ribbons remained for
life-long), confirming that the Lgr5" cells represent small intestinal and colonic stem
cells'. Later on, Sato and co-workers performed fluorescence-activated cell sorting
(FACS) of epithelial cells obtained from the Lgr5-EGFP-IRES-CreERT2 mouse intestines
and succeeded to establish in vitro culture of “organoids”, i.e. self-organized 3D structures
of epithelial cells resembling normal intestine, that originated from individual Lgr5"
(GFPhigh)  cells®®. Subsequent gene expression profiling of Lgr5* cells enabled
identification of ISCs gene signature and led to the discovery of many other ISC markers**
377 One of them was the Wnt target gene Ascl2 which is essential for ISCs fate, as its
depletion from the tissue results in loss of Lgr5* stem cells within a few days®’’. Ascl2 is a
transcription factor that is regulated by Wnt/Rspo signaling and synergistically with -
catenin/Tcf4 complexes activates expression of stem cell-specific genes®?’. Levels of
Olfm4 and Troy were also elevated in mouse small intestinal stem cells; however, these two
genes are not expressed in mouse colon”’. Following lineage tracing experiments verified
Troy expression in fast cycling ISCs and revealed its association with Lgr5. Interestingly,
depletion of Troy from small intestinal organoids resulted in a reduced need for the Wnt
agonist Rspo, indicating that Troy acts as a negative regulator of Wnt/Rspo signaling®*.
Last but not least, EGF/ErbB inhibitor Lrigl was abundant in ISCs and LacZ-mediated

labeling of Lrigl-expressing progeny showed ribbons of cells running along the crypt-
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villus axis?”> 8, However, expression profiling of colonic stem cells revealed remarkable
differences between Lgr5" and Lrigl " colonic stem cells, suggesting existence of two stem
cell populations, a proliferating and a quiescent one?’”>, which will be described in more

detail further.

Slow-cycling stem cells / +4 quiescent stem cells

Already in 1978, Potten and colleagues discovered during their studies of DNA
segregation in epithelial cells a small population of DNA label-retaining cells (LRCs) that
reside in the so-called +4 position (4 cells above the crypt base) and suggested that these
cells are mitotically quiescent?’*. Later on, several research groups independently identified
a population of cells inhabiting the +4 position, which are able to regenerate the crypt
compartment upon depletion of Lgr5™ stem cells by irradiation®* or through transgenic
expression of diphteria toxin receptor’®. These slow-cycling cells are insensitive to
perturbations of Wnt signaling, resistant to irradiation, and only weakly participate in
homeostatic epithelial regeneration. However, in case of irradiation-induced injury, these

cells start to proliferate and replenish the irradiation-sensitive Lgr5* population*!?

. Many
research groups sought to identify specific markers of the +4 cells. The first discovered
marker was a polycomb protein B lymphoma Mo-MLV insertion region 1 (Bmil)*%2,
FACS-sorted Bmil™ cells were able to establish self-renewing organoid culture with all
differentiated cell lineages, confirming their function as ISCs*">. However, lineage tracing
experiments resembled results obtained from the Lgr5 mouse strain, suggesting Bmil

expression also in CBC cells*??

. Mouse telomerase reverse transcriptase (mTert) was
proposed to be another +4 cells marker, as it was specifically expressed in injury-resistant
cell population with the ability to reconstitute all differentiated intestinal cell lineages upon
injury??. Protein HOP homeobox (Hopx) is also abundant in +4 cells; Hopx-LacZ reporter
mouse showed long-persisting labelling and Hopx" cells gave rise to full-fledged
organoids. Interestingly, Hopx" and Lgr5" cells were able to interconvert, supporting the
idea that two mutually replaceable populations of ISCs co-exist in the intestinal crypts®>.
Taken together, although several seemingly specific +4 cells markers were identified, gene

expression profiling®*

and single molecule mRNA fluorescence in sifu hybridization
(FISH) analysis'* revealed rather broad expression of these genes throughout the crypt and
overlapping expression with Lgr5 in CBC cells. It is therefore difficult to unambiguously
distinguish the two ISCs populations based on expression of their markers. Nevertheless,

the hierarchy between these two populations within response to injury seems to be clear. In
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a recent study, Zou and colleagues used rotavirus infection to specifically damage
differentiated cells, leaving all ISCs intact. They showed that when Lgr5" CBC cells remain
intact, they completely reconstitute the epithelium without the need of +4 quiescent ISCs

activation*?.

Plasticity of TA progenitors and differentiated cell lineages

Until recently, it has been thought that the reserve pool of ISCs is specifically
associated with the +4 position within crypt. However, following studies have shown that
upon excessive damage of the intestinal epithelium, progenitors of secretory cell lineages
may dedifferentiate to stem-like cells and recover the tissue (reviewed in'%; Figure 5).
Maintenance of an undifferentiated and proliferative state of secretory progenitors (TA
cells) requires, inter alia, activity of the Notch signaling pathway***. Canonical Notch
ligand DII1 is expressed in a subset of TA progenitors which were thought to be a rapidly
proliferating cell population that promptly differentiate to secretory lineages. However,
sorted DII1" cells are after exogenous Wnt stimulus able to give rise to organoids containing
Lgr5" cells®!, which indicates at higher plasticity than was thought. Sex-determining
region Y (SRY)-related high-mobility-group box 9 (Sox9) belongs to a family of Sox
transcription factors that can modulate proliferation and differentiation of progenitor cells.
In the small intestine, Sox9 is highly expressed in LRCs, TA progenitors, and
enteroendocrine cells and less abundantly also in CBC cells’>. Although under
physiological conditions Sox9" cells are not able to form organoids in vitro, they exhibit

82 or insulin-like growth factor 1

increased ability to form organoids upon irradiation®
stimulation®®3, The importance of Sox9 in tissue regeneration is supported by observation
that Sox9 depletion from the intestinal epithelium results in loss of LRCs and impaired
regeneration upon irradiation?”!. Surprisingly, some post-mitotic cell populations are also
able to convert back to stem cell-like status after tissue damage (reviewed in'?). It has
recently been shown that Paneth cells are capable of re-activating the cell cycle after
irradiation, while at the same time acquiring stem cell properties and suppressing
expression of Paneth cell-specific genes?®* #*!. Interestingly, Paneth cells isolated from

421

irradiated mice gave rise to organoids in vitro™'. Apparently, Paneth cells may switch from

a non-dividing supportive cells to actively proliferating cells and contribute to intestinal

tissue regeneration upon irradiation’’*. Recent studies have suggested that a subset of

145,416

mature enteroendocrine cells and goblet precursors as well as precursors of absorptive

367

enterocytes®®’ are also able to regain ISCs identity when Lgr5" cells are ablated. To
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conclude, all crypt cells exhibit a greater or lesser degree of plasticity with the ability to

regenerate intestinal epithelium or replace the Lgr5™ cell pool upon injury.
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Figure 5 | Crypt cells in homeostasis and during regeneration upon injury.

(A) Actively dividing intestinal stem cells (aISCs) mediate renewal of the intestinal epithelium
in homeostatic conditions. Rarely dividing reserve ISCs (rISCs) occupy the +4 position within
the crypt and minimally contribute to the tissue maintenance. (B) Upon injury causing loss of
alSCs, rISCs start to rapidly divide to refill the aISCs pool and regenerate the tissue. Progenitor
cells in the TA compartment may also contribute to the regeneration, probably via
dedifferentiation to aISCs (adopted from!'?).

1.2.3.2 Intestinal stem cell niche

The intestinal stem cell niche consists of numerous cell types of epithelial or
mesenchymal origin and provides favorable microenvironment to self-renewing stem cells
while ensuring essential signals for differentiation of progenitor cells. The intestinal crypts,

originally named crypts of Lieberkiihn after their discoverer Jonathan Nathanael
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Lieberkiihn, contain 14-16 Lgr5" stem cells®*

interspersed among Paneth cells. Earlier
models suggested asymmetrical division of Lgr5" ISCs that resulted in one stem and one
TA cell. However, recent findings support a model in which Lgr5" ISCs divide
symmetrically and lately adopt the TA fate or retain their stemness. The ISCs progeny
compete for limited space within the niche and the adoption of TA fate probably depends
on their contact with Paneth cells and position within the crypt. Current “neutral
competition” model therefore suggest that ISCs are in a permanent competition when the
number of Lgr5™ cells is limited by available surface of Paneth cells in the crypt!®® 33, This
model is supported by short- and long-term lineage tracing experiments in Ah-Cre/Rosa26-
Confetti mice, a reporter mouse model that enables random activation of green, yellow, red,
or blue fluorescent protein in most cells (including intestinal stem cells), but not in Paneth
cells!3® 339 Obtained data revealed that crypts tend to drift towards clonality (Figure 6), i.e.
that each crypt becomes clonal within 3 months as a result of neutral competition between
Lgr5* ISCs**°. Moreover, in a follow-up study Ritsma and co-workers showed that Lgr5*
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Figure 6 | Long-term lineage tracing reveals clonal character of the small intestinal crypts.
Ah-Cre/Rosa26-Confetti mice enable inducible expression of GFP, YFP, RFP, or BFP in ISCs.
Scheme of the small intestine indicates xy (blue) and xz (red) sectioning planes used for analysis.
(A) The xy plane images were taken 1 and 8 weeks upon Cre activation, showing expansion of
individual clones (yellow, red, and blue ribbons). (B) The xz plane images reveal the drift to
clonality. At day 4 upon Cre activation, confocal cross-section of crypts shows heterogenous
labeling; at later timepoints, crypts become more homogenous and, finally, labeled with only one
color or completely unlabeled. Non-clonal crypts are indicated by white dashed circles; scale bar:

100 pm (adopted from?*).
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cells at the crypt bottom (“central cells”) exhibit three times higher probability of
colonizing the whole crypt than Lgr5" cells positioned at the border of the niche (“border
cells”)*®7, further supporting the model of position-dependent fate adoption.

As mentioned earlier, the whole network of signaling pathways is responsible for
maintaining ISCs and TA progenitors. Numerous cell types have been identified to
contribute to the small intestinal niche by supplying the CBC cells with various growth
factors and other signaling molecules. Although Wnt signaling is undoubtedly
indispensable for intestinal stem cells maintenance®®s, the dispensability (and to a certain
extent also the origin) of individual sources of Wnt ligands is questionable. ISCs
neighboring Paneth cells provide Wnt3, Notch ligand D114, EGF and transforming growth
factor a (TGFa), which are all essential for ISCs culture in vitro*'?. Although Paneth cells
were considered as indispensable for ISCs maintenance, their ablation from the epithelium
had no effect on the crypt morphology in vivo®® 194, Alternative sources of Wnt ligands and
niche-supporting growth factors have been identified in the mesenchyme®. Subepithelial
myofibroblasts, which are closely associated with the crypt base, produce Wnt2b®-°* and
other growth factors and cytokines (reviewed in?’®) to support ISCs proliferation. However,
even simultaneous elimination of Wnt-ligand secretion in myofibroblasts and Paneth cells
had no effect on stem cells proliferation or differentiation and tissue morphology,
suggesting a higher level of redundancy of niche-maintaining factors production in the

391 Colonic stem cell niche is maintained by a Reg4" subpopulation of cKit/CD117*

tissue
goblet cells, also termed Paneth-like cells®®. These cells are, similarly to Paneth cells,
adjacent to stem cells in the crypt base, produce EGF, DIl1, and DI14 ligands, and facilitate

organoid formation from Lgr5" cells in vitro**

. However, production of Wnt proteins has
not been observed in Reg4 " cells®. The source of Wnt ligands in the colon is probably
represented by glioma-associated oncogene homolog 1 (Glil)-expressing mesenchymal
cells, as the inhibiton of Wnt secretion from these cells results in loss of colonic stem cells
and disruption of epithelial integrity>. Moreover, Glil* cells seem to serve as a reserve
population of Wnt-producing cells also in the small intestine, as they contribute to the pool

of Wnt ligands when secretion from Paneth cells is blocked>>.

Crypt fission and ectopic crypt formation
Maintenance of the intestinal epithelium is driven not only by proliferation of
progenitors in crypts, but by generation of new crypts as well**>. The amount of crypts

increases via crypt fission, a process by which a single crypt divides to two daughter crypts.
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This is essential for intestinal elongation in postnatal development and maintenance of the
epithelium in adulthood** 37!, The frequency of crypt fission is higher in young animals
and becomes attenuated with age!®!> 2% 3%3; however, it is still active in adulthood during
regeneration, e.g. upon partial resection or irradiation®® 133371 Importantly, crypt fission is
restored in cancer to propel tumor growth® 13227 The process of normal crypt fission has
been described using small intestinal organoids. The site of fission initiation is apparently
established in the stem cell niche between two Paneth cell-rich regions separated by a
cluster of Lgr5" ISCs. Interestingly, the biomechanical properties of Paneth and stem cells
play crucial role in the process — stiffer and more adhesive Paneth cells define the fission
site, while softer and less adhesive Lgr5" cells enable shape changes and expansion of the

t'%. Although numerous studies describe the significance of crypt fission in tumor

cryp
growth, molecular mechanisms responsible for the crypt fission reactivation remain
unclear.

Aberrant crypt formation outside the “standard” crypt compartment accompanies
morphological changes in the intestinal tissue after inactivation or transgenic expression of

certain genes'%> 37’

and is a defining histologic feature for some types of intestinal tumors
(reviewed in**!:37%). The so-called ectopic crypts are newly formed abnormally positioned
crypts that lost their orientation to the underlying muscular layer of mucosa®’. Several
genes encoding regulatory proteins of several signaling pathways have been identified to
underlie the ectopic crypt formation. In mice, transgenic expression of BMP inhibitor
noggin throughout the intestinal epithelium led to formation of abnormal epithelial
invaginations containing proliferating cells (Figure 7A, B) and expressing crypt-
specific/Wnt target genes, e.g. c-myc and EphB3. These structures further developed to
numerous ectopic crypt-villus units with perpendicular axis orientation towards the original
crypt-villus axis. It was further proposed that inactivating mutations in components of the
BMP signaling pathway influence sensitivity of epithelial cells to mesenchymal BMP
signals. Consequently, loss of the inhibitory BMP signals leads to the formation of ectopic
crypts that later progress to polyps and neoplasia'®. Similar phenotypical changes were
observed in transgenic mice expressing pan-hedgehog inhibitor hedgehog interacting

protein in intestinal epithelial cells'**

. However, the ectopic crypt formation might be the
result of perturbed BMP signaling which is controlled by Shh produced from mesenchymal
cells?®. Formation of ectopic crypts was also observed upon simultaneous activation of the
Wnt and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) signaling

pathways. It was suggested that the aberrant “pouches” of proliferating cells originated
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from non-stem epithelial cells which dedifferentiated to tumor-initiating cells**’. Finally,
transgenic expression of the Wnt target gene Ascl2 in intestinal epithelial cells induced
formation of ectopic crypts on villi accompanied by hyperproliferation of the crypt

compartment (Figure 7C, D)*’.

Figure 7 | Ectopic crypts formed in the small intestine.

(A) Histological staining of small intestinal sections from wild-type (wt) mouse. Proliferating
cells stained with Ki-67 (brown nuclei) are found only in the crypt compartment. (B) Ectopic
crypt-villus units are formed in noggin transgenic mice (tg). Ki-67-positive cells aberrantly
appear outside the crypt compartment in crypt-like pockets. Black arrowheads indicate
epithelial invaginations, white arrowheads indicate scattered crypts in stroma; scale bars = 0.1
mm (adopted from'??). (C) Hematoxilin and eosin (H&E) staining of small intestinal sections
from wt mouse show normal tissue morphology. (D) H&E staining of small intestinal sections
from Ascl2 transgenic mouse show a hyperplastic crypt compartment and branched villi. Black
arrows indicate ectopic crypts; scale bars = 50 um (adopted from?2®).
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1.2.4 Colorectal cancer

Colorectal cancer (CRC) represents one of the most frequently diagnosed cancer
types in developed countries with a death rate over 30 %. The lifetime risk of CRC is
approximately 5 % and this number has been rising due to population ageing®*!. Based on
the knowledge gained from numerous independent studies, it can be assumed that cancer
is a stem cell disease (reviewed in?%*3%). It is therefore not surprising that many pathways
which regulate normal stem cells self-renewal are also associated with cancer development

and progression (reviewed in'”733%),

Whnt signaling in colorectal cancer

The vast majority of colorectal tumors is associated with initial mutations in genes
that regulate Wnt signaling. The most frequently mutated gene is the tumor suppressor APC
(reviewed in> 167-277) '3 component of the B-catenin destruction complex. More than 60 %
of APC mutations are located on exon 15 in the so-called mutation cluster region (MCR)??!.,
In most cases, these mutations cause loss of C-terminal portion of the APC protein, which
contains binding domains for AXIN2, B-catenin, and some interacting partners involved in
cell polarity, microtubule assembly, and chromosome segregation (Figure 8)**% %! the
latter mentioned explains the link between APC mutations and chromosomal instability’?.
Mutations in other components of Wnt signaling might as well hyperactivate the pathway,
although these are much less frequent than mutations in APC. CTNNBI gene (encoding the
B-catenin protein) mutations have been found in approximately 5 % of CRCs. Short three-
base deletion and point mutations in CTNNBI exons that encode functionally significant
phosphorylation sites result in production of stabilized and therefore constitutively active
B-catenin!3® 228 Relatively rarely occur mutations in Wnt negative regulators AXIN/ and
AXIN2, or in the transcription factor TCF4!'> 193324 362 1n addition to mutations or
chromosomal rearrangements, epigenetic changes in components modulating Wnt
signaling have been described (reviewed in*!®). Epigenetic silencing of AXIN2 by excessive
methylation of its promoter was observed specifically in colorectal tumors with
microsatellite instability (MSI)'”°. Promoter hypermethylation was also found in several
Wnt antagonists, such as DKK 12, SFRP1/2/4%2, and WNT inhibitory factor 123, Of note,
several Wnt target genes have been linked to progression of colorectal tumors. Cyclin D1
and c-myc contribute to tumor growth and malignant progression®® 1°7-3%5 Qverexpression

of CD44, a positive regulator of Wnt signaling®?®, was observed already in earliest
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hyperplastic lesions of colorectal tumorigenesis***. Matrix metalloproteinase 7 (Mmp7 or
matrilysin) is overexpressed in up to 80 % of human CRCs*° and was shown to have
important function in adenoma growth, invasiveness, and metastasis?’® %412 To conclude,
hyperactivation of the Wnt signaling pathway underlies initiation of intestinal tumors via
stabilization of B-catenin and subsequent activation of the Wnt target genes, which propels

intestinal epithelium transformation, tumor progression, and invasiveness.
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Figure 8 | The adenomatous polyposis coli (APC) protein. The scheme of APC protein shows
a conserved region of Armadillo repeats and protein binding domains that interact with tubulin,
microtubule-associated protein EB1, discs large (DLG), B-catenin, and axin/conductin. APC
also contains five nuclear export signals (E) and two nuclear import signals (I). Consensus
phosphorylation sites for cyclin-dependent kinase (CDK) are indicated by asterisks; the
mutation cluster region, a portion of the APC gene sequence which is a subject of majority (over
60 %) of somatic mutations, is indicated by a black clamp (adopted from’).

Progression and histopathology of colorectal tumors

The onset of CRC might be sporadic or underlied by a hereditary cause. In both
cases, the earliest stages of intestinal adenomas appear as the so-called aberrant crypt foci
(ACF)*, microscopic lesions that precede formation of epithelial neoplasia®*® which are
generally associated with mutations in 4PC'¥. Following activating mutation in Kirsten
rat sarcoma viral oncogene homolog (KRAS) enhances Wnt signaling and thus drives the
adenoma growth!*® 37 (reviewed in'®). Interestingly, lineage-tracing experiments in mice
revealed dramatic acceleration of crypt fission upon KRAS mutation®*, suggesting that
fission of transformed crypts is essential for colorectal adenoma growth?”-4%_ Subsequent
sequential accumulation of additional mutations, including at least one oncogene and
several tumor suppressor genes, or allelic losses promote polyp progression to malignant
stage*®® 492 The most commonly mutated genes include tumor protein 53 (TP53), SMAD2,
SMAD4, phosphatase and tensin homolog (PTEN), and PI3K catalytic subunit o

(PIK3CA)™ 77> 290, 300, 388 Concordantly, whole genome sequencing data of colorectal

38



cancer specimens revealed few commonly mutated genes and a large group of less
frequently occurring amino acid-altering mutations*!°.

Colorectal tumors develop through several well-defined histopathological stages
including low- and high-grade dysplasia, adenoma, and invasive adenocarcinoma (Figure
9); individual stages are characterized by alterations in cell morphology**® (Figure 10).
Macroscopically, colorectal adenomas may be classified as elevated, flat or depressed, with
elevated adenomas ranging from pedunculated polyps with a long stalk lined by normal
mucosa to sessile polyps located on the surface of the mucous membrane. From the
histopathological point of view, adenomas split into four groups: tubular, villous,
tubulovillous, and serrated. Tubular adenomas are usually pedunculated and globular, but
might also be flat. They are formed by irregularly arranged dysplastic tubular structures
which account for at least 80 % of the luminal surface. Villous adenomas are often large
and predominantly sessile and have a “velvety” surface. Microscopically, thin protrusions
lined by dysplastic epithelium cover at least 80 % of the luminal surface. Tubulovillous
adenomas display a mixture of tubular and villous morphology with the ratio between 80/20
and 20/80 %, respectively. Noteworthy, villous adenomas in human represent a more
progressed stage along the path to fully developed CRC, which is reflected by deteriorated
prognosis. Finally, serrated adenomas are hyperplastic polyps with luminal surface
containing numerous prominent epithelial cells, which resemble a saw blade; this
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Figure 9 | Progression of colorectal tumors.

The earliest detectable stage of colorectal neoplasia is a microscopic lesion called aberrant crypt
focus (ACF), which is linked to mutations in the APC gene. An additional mutation in KRAS
promote formation of adenoma and following mutations in other genes, such as tumor
suppressor p53 or SMAD, facilitate progression to malignant carcinoma (adopted from’™).
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Figure 10 | Histopathology of colorectal tumors.

Paraffin sections of human colorectal neoplasia at different stages of progression from the
healthy colon to carcinoma. (A) Control colonic epithelium with healthy crypts; (B)
hyperplastic colonic epithelium contains prolonged crypts with serrated surface facing the
lumen of colon; (C) cells in the low grade dysplasia have slightly enlarged nuclei oriented to
basal membrane; (D) high grade dysplasia is characteristic by prominent nuclear stratification;
(E) colorectal carcinoma (unpublished pictures provided by J. Svec).

morphological feature is primarily due to defective apoptosis®’. Based on histological
morphology, serrated adenomas are according to World Health Organization classified into
three types: hyperplastic polyps (HP), sessile serrated adenomas/polyps (SSA/P), and
traditional serrated adenomas (TSA; reviewed in***). TSA are minor subtypes of colorectal
carcinomas, however, they are precursors of biologically aggressive types of colorectal

tumors. Of note, a typical feature of TSA is the presence of ectopic crypts (reviewed in??).

1.2.4.1  Hereditary CRC syndromes

Although approximately one third of patients diagnosed with CRC have a family
history of cancer, suggesting the presence of a hereditary cancer-causing component, only
5-10 % of CRC cases are linked to particular gene mutations. The hereditary CRC
syndromes are divided into two main groups, polyposis and nonpolyposis syndromes
(reviewed in'??). The group of hereditary nonpolyposis colorectal cancer (HNPCC)
syndromes includes Lynch syndrome, Lynch-like syndrome, and familial colorectal cancer
type X (FCCX). Lynch and Lynch-like syndromes account for about 3-5 % of all CRCs,
exhibit MSI and carry mutations in genes modulating colonic stem cells proliferation and

mismatch repair (MMR; reviewed in'?*> 2°°). The patients are also at higher risk of
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developing tumors in other tissues, mainly in ovaries, endometrium, and stomach (reviewed
in'??). The second group of the hereditary CRC syndromes is represented by the familial
adenomatous polyposis (FAP; reviewed in”?) syndrome which accounts for less than 1 %
of all CRCs . Individuals affected by the FAP syndrome carry a germline mutation in one
APC allele which causes expression of truncated APC protein. Owing to the high frequency
of spontaneous mutation in the second “healthy” allele, FAP patients develop hundreds to
thousands benign colorectal polyps in the colon and rectum by the age of twenty years. As
a result of successive accumulation of mutations in KRAS, TP53, or other tumor-promoting

74, 165, 240

genes , the polyps inevitably progress to carcinoma by the age of 35 to 40 years

(reviewed in®?).

1.2.4.2 Mouse models of CRC

For the purpose of studying mechanisms leading to initiation and progression of
colorectal tumors, genetically modified mouse strains that resemble mutations found in
patients were generated (reviewed in**”). An exhaustive description of all genes that have
been modified in mice to study CRC would be beyond the scope of this thesis, therefore
only mouse models and experimental approaches relevant to the thesis are mentioned. The
most common mouse models used for studying intestinal cancer biology have been
described in detail in a recent review>®.

Mouse Apc models are greatly suitable to study CRC, as they share 90% similarity
at the protein level and all motifs, which have been characterized in human APC, are well

conserved in mice>*’

. Moreover, the gene signature in tumors from mice with mutant Apc
and in human tumors with germline APC mutations are similar®®. Multiple intestinal
neoplasia (Min) mice (4dpc™™™") is a frequently used mouse strain that carries a germline
nonsense mutation in one allele of the Apc gene and therefore expresses a truncated, 850
amino acids long Apc protein®*® 3. Similarly to FAP patients, the second Apc allele
becomes randomly mutated and consequently multiple intestinal polyps are developed in
adulthood®® (Figure 11). Homozygosity for this mutation is lethal at early stages of

embryonic development. Of note, polyps in Apc ™M™

mice are predominantly located in the
small intestine whereas polyps in FAP patients occur mainly in the colon; other tissues are
affected only rarely in mice. Many other mouse strains carrying Apc mutations were
generated which carry various Apc germline mutations*?*. It was proposed that the level of
proliferation, differentiation, and apoptosis in adult stem cells depends on tissue-specific

levels of B-catenin; consequently, the susceptibility to tumorigenesis and distribution of
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tumors depends on particular Apc mutations and varies in different Apc-deficient mouse
strains®> 424,

An alternative tool are mouse strains harboring conditional alleles allowing
temporally regulated tissue-specific gene inactivation when crossed to a Cre recombinase-
expressing strain. Cre is a DNA recombinase of virus origin which specifically recognizes
a 34 bp palindromic DNA sequences termed the loxP sites®'’; based on the loxP sites
orientation, Cre recombines or inverts the DNA sequence between two sites. Cre activity
may be spatially determined using various endogenous promoters that drive its expression
in particular cell types. Improved version of the enzyme was prepared by Cre fusion with
the mutated form of human estrogen receptor (Cre-ERT2)%. Cre-ERT2 is retained in the
cytoplasm and therefore not active; however, upon binding of 4-hydroxytamoxifen (4-
OHT, a metabolite of tamoxifen), Cre-ERT2 translocates to the cell nucleus and can induce
desired DNA rearrangements (reviewed in**®). A large number of mouse strains carrying
modified Apc gene alleles have been generated which allow for various shortening of the
Apc protein. In this theses, mice harboring conditional knock-out (cKO) alleles of the Apc
gene with floxed exon 14 (ApcK9k0) were used'®?. By crossing these mice to strain
expressing Cre recombinase under control of murine villinl promoter (Villin-CreERT2)%?,
Apc inactivation is induced in the entire intestinal epithelium, resulting in crypt hyperplasia
observable within several days®. These mice, however, die within 3-5 days due to extremely

cKO/KO mice can be crossed with the

extensive damage of the epithelium. Alternatively, Apc
Lgr5-EGFP-IRES-CreERT?2 strain, which drives Cre expression from the Lgr5 gene
promoter. In this strain, Apc is inactivated specifically in intestinal stem cells and expansion
of the crypt compartment is slower; within 1-2 weeks, multiple microadenomas are formed
which progress to macroscopic adenomas in 3-5 weeks'?. Finally, a model of sporadic CRC

cKO/cKO

can be induced in Apc mice by intrarectal injection of adenoviral particles encoding

the Cre recombinase, which develop isolated tumors in the distal colon within cca 18 weeks

after infection (reviewed in'2?).
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Figure 11 | Intestinal tumors in Apc™™™ mice.

Apc™M" mice develop numerous tumors in the small intestine and sometimes (usually
one large tumor) in the colon. Left, a macroscopic picture of the mouse intestines with
tumors (indicated by black arrowheads); right, stereomicroscopic image of the inner
intestinal surface with a protruding polyp (indicated by a black arrowhead; unpublished
pictures provided by B. Fafilek).

1.2.4.3 Colitis-associated colorectal cancer

Inflammatory bowel disease (IBD) is a relapsing chronic inflammatory condition
of the intestinal tract, which belongs to the group of autoimmune diseases. Two most
common subtypes of IBD are Crohn’s disease (CD) and ulcerative colitis (UC; reviewed
in*”®). CD typically affects the entire digestive tract, with lesions located in the small
intestine and the proximal part of the colon (reviewed in’’). Inflammation in UC is
primarily localized to the rectum and continuously expands in the proximal direction
through colon, but only occasionally reaches the small intestine (reviewed in®”). Colitis-
associated colorectal cancer (CA-CRC) accounts for 10-15 % of IBD patients deaths;
however, it causes only 1-2 % of all CRCs (reviewed in?!!). In CA-CRC, tumors are located
in the areas of colon with active inflammation and develop, as in “standard” CRC, from
dysplasia to carcinoma due to accumulation of mutations in epithelial cells (reviewed in*’®).
Interestingly, the initial mutation in CA-CRC does not alter the APC gene, but it inactivates
the tumor suppressor TP53*!! (Figure 12); however, early activation of Wnt signaling has

321 Of note, recent

been described as critical to the process of colitis-to-cancer transition
studies reported different development of CA-CRC in patients exhibiting similar patterns

of the inflammation, which suggests that other factors contribute to the CA-CRC
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progression, possibly polymorphisms or mutations in low penetrance disease susceptibility
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Figure 12 | The sequence of obtained mutations differs between sporadic colorectal cancer
(CRC) and colitis-associated cancer (CAC).

The scheme shows comparison of colitis-associated and sporadic colorectal cancer. Both types
of cancer develop through accumulation of multiple mutations; nevertheless, the sequence of
mutation in APC and TP53 is different. DCC, deleted in colorectal cancer; Rb, retinoblastoma;
TSG, tumor suppressor genes; UC, ulcerative colitis (adopted from?).

Mouse models of CA-CRC

As the genetic approaches are time consuming, expensive, and affect the colon to a
much lesser extent than the small intestine, methods for CRC induction based on chemical
treatments of experimental mice have been invented. In the azoxymethane (AOM)/dextran
sodium sulfate (DSS) model (AOM/DSS), DNA damage is followed by colitis leading to

generation of colonic tumors>®!

. AOM is a procarcinogen which upon metabolic activation
induces formation of O6-methyl-guanine which results in frequent point mutations during
DNA replication. Subsequent administration of DSS causes inflammation, which enhances
the tumor incidence and significantly accelerates the ACF-adenoma-carcinoma pathway
(reviewed in?*%). Furthermore, AOM/DSS-induced tumors exhibit similar histopathological

aspects to human CA-CRC, such as localization in the distal colon and invasivity>*.
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1.3 Transcription factors linked to the Wnt signaling pathway

As already mentioned above, aberrant activation of the Wnt signaling pathway
underlies initiation of the majority of the colorectal tumors. Additionally, the Wnt/B-catenin
regulated genes in the intestinal epithelium encode proteins that perform a wide range of
functions important for the intestinal homeostasis. This thesis deals with two transcription
factors which are linked to the Wnt signaling pathway, msh homeobox 1 (MSX1) and
hypermethylated in cancer 1 (HIC1). While studies of the MSX1 protein function in human
cancer brought often contradictory conclusions, HIC1 has been described by numerous
independent research groups as a potent tumor suppressor. This chapter describes main
properties and functions of these two transcription factors in embryonic development,

intestinal homeostasis, and cancer.

1.3.1 Msxl1 transcription factor

Msh homeobox 1 (Msx1) was described as a new member of mouse homeo box-
containing gene family in 1989, at that time named Hox?7, as it displayed striking similarity
to the Drosophila Msh homeobox!!!. Msx1 has been studied extensively in mouse
embryogenesis and human diseases associated with defective tooth development.
Alterations in MSXI expression have been described in many types of human tumors;

however, its function in intestinal tissue homeostasis or CRC remains unclear.

1.3.1.1 The MsxI gene

Msx1 1s a member of the muscle segment homeobox (msh) gene family (reviewed
in’") that belongs to the most conserved homeobox transcription factors in animals
(reviewed in''?). The MsxI gene is located on proximal end of chromosome 5 in mice!!!.
In human, MSX7 maps to 4p16.1 locus (on the short arm of chromosome 4) that is deleted
in the Wolf-Hirschhorn syndromel44, a human disease associated, inter alia, with
craniofacial malformations. Both human and mouse Msx/ genes consist of two exons
interrupted by cca 1.6 kb long intron and share a very high degree of identity on both the
DNA and protein levels'!°,

The TATA-less MsxI promoter contains three regulatory regions responsible for
spatial control of the complex Msx/ expression pattern during embryonic development. The

distal element localized 4 kb upstream from mouse transcriptional start (+1) drives Msx/

expression within the first and second pharyngeal arches, which gives rise to (some)
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craniofacial muscles, bones, and nerves, such as maxila and mandible (upper and lower
jaw), chewing and pharyngeal muscles, facial and trigeminal nerves, nose, and middle ear
bones. The proximal element localized 2.2 kb upstream from mouse transcriptional start
drives Msx1 expression in the third pharyngeal arch, dorsal neural tube, dermomyotome,

201

and limb bud mesenchyme~”". The last element is directly adjacent to mouse transcriptional

start (+165/-106 bp) and supports Msx/ expression in craniofacial and skull bones and nose;
it has been proposed as the minimal Msx/ promoter in mice®>’.

Msx1 expression is further regulated by numerous transcription factors. The first
attempt to characterize putative transcription factors binding sites was based on structural
and functional analysis of almost 5 kb long sequence upstream from the translation start
site. Computer analysis revealed four major regions including binding sites for some
ubiquitous transcription factors (AP2, NF-kB), developmentally regulated transcription
factors (MyoD, engrailed, bicoid), transcription factors involved in cell proliferation (c-
myc, JunB), and also sites for autoregulation®'. More advanced methods later confirmed,
that these and many other transcription factors, such as Tcf4?!®8, FGF4!%!, BMPs3!, Pax9?*,

or SMADS?** induce or regulate MsxI expression, which will be discussed in following

chapters.

1.3.1.2  Msxl1 protein

The human and mouse Msx family consists of MsxI, Msx2, and Msx3 genes
(reviewed in**). The genes encode homeodomain-containing DNA-binding proteins that
act as transcriptional regulators modulating morphogenesis during embryonic
development. Msx 1 is a 40-kDa protein of 297 amino acids (Figure 13) including 60 amino
acids long homeodomain, which is 100% identical between mouse and human; overall,
murine and human Msx 1 proteins share 80% identity!'?. On the molecular level, Msx1 may
act as a transcription activator or repressor, depending on cellular context and interacting
partners.

Transcriptional regulation by Msx1 can be accomplished in several ways. Msx1 is a
potent transcriptional repressor which can regulate transcription from both TATA-
containing and TATA-less promoters via interaction with the core transcription complex*!.
The Msx1 homeodomain seems to be more important for interaction with other proteins
than for binding to DNA and, interestingly, is dispensable for some Msx1 functions*! 2%,
Studies on myoblast differentiation revealed that MSX1 can regulate the gene expression

also at the epigenetic level. In myoblast cells and developing limbs, MSX1 recruits a
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polycomb repressive complex 2 (PRC2) to the nuclear periphery, which results in
redistribution of H3K27me3 repressive mark; this proces is essential for cell
differentiation®** 34, MSX1-mediated histone modification may be as well accomplished
by association with G9a histone methyltransferase, which catalyzes synthesis of H3K9me?2

repressive mark>?>.
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Figure 13 | Functional domains of Msx proteins.

The diagram shows domain composition of Msx proteins. Light grey boxes indicate conserved
regions between Msx proteins in mouse, human, chick, and xenopus; dark grey boxes indicate
conserved regions between Msx1 and Msx2 subclasses. Various functions of distinct regions
within the homeodomain are depicted by black lines under the diagram (adopted from?'?).

1.3.1.3  Msx1 in embryonic development

Vertebrate Msx proteins are broadly expressed during embryonic development at
diverse sites of epithelial-mesenchymal interactions and have important functions in
organogenesis. Whereas Msx3 expression is restricted to the dorsal neural tube®?* 3%, Msx1
and Msx2 exhibit extensive and often overlapping expression in numerous embryonic
tissues, such as limb buds, teeth buds, craniofacial structures, and heart!!'!> 127, 128, 184,288
suggesting their functional redundancy. On the other hand, in some embryonic tissues Msx/
and Msx2 expresssion patterns are complementary, which points to different context-
dependent functions'®”.

The expresion pattern of Msx/ in embryogenesis was first described by in situ
hybridization staining of mouse embryos at different developmental stages. Msx/ mRNA
was detected already 6.5 days post coitum in extraembryonic tissue (amnion and
ectoplacental cone) and in eight days old mouse embryos also in the rostral portion of neural
fold-underlying mesenchyme and in the area of neural folds which later gives rise to neural

288

crest cells™®. At the embryonic day 9.5 (E9.5), Msx/ was expressed in the neural crest,
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neural tube, developing forelimb bud, visceral arches, and heart. At later stages, the Msx /-
specific probe labeled areas of the central nervous system, interdigital mesenchyme in fore-
and hindlimb buds, facial regions derived from neural crest, and dental papilla'!!- 288, Of
note, Msx! is broadly expressed also postnatally, for example in the uterus, cerebellum,
dorsal skin, lungs, ovaries, and testes. Interestingly, Msx2 expression pattern is almost
identical, however, the relative abundance varies in different tissues'®’. In adults, Msx! is
typically expressed in progenitor cells where it represses transcription of pro-differentiation

genes®- 235343389, ypon differentiation, Msx1 expression usually decreases

116,393

Further studies of the Msx1 function were performed in mutant or transgenic mouse
strains. Mice homozygous for germline mutation in the Msx/ gene manifested respiration
deficiency and numerous developmental defects, such as the cleft palate, tooth agenesis,
and abnormal morphology of craniofacial bones; these animals die within 24 hours after
birth®!!. Interesingly, Msx2-deficient mice are viable, although they display defects in the
skin, teeth, skull, and mammary gland development and also impaired chondrogenesis and
osteogenesis'*® 312, Mice harboring mutations in both Msx genes exhibited enhanced
phenotype of the single mutants, e.g. anomalies in development of limbs, ventral body wall,
9,100, 141, 184, 245

craniofacial and cardiac structures, neural crest, and central nervous system

and thus die prenatally between the embryonic day 17 and 18 (Figure 14).

1.3.14 Msx1 in human disease

MSX1 deficiency in human causes pleiotropic phenotypes associated with non-
syndromic tooth agenesis, non-syndromic cleft lip with or without cleft palate, Witkop
syndrome (a disorder characterized by thin nails and absence of several teeth), and Wolf-

Hirschhorn syndrome!>!: 154239, 386

, with the individual phenotypes associated with specific
mutations. In-frame mutations affecting the MSX1 homeodomain predominantly cause
tooth agenesis, which may be accompanied by other developmental defects, while
mutations not affecting the homeodomain cause mainly nonsyndromic orofacial cleft.
Truncating mutations affecting the homeodomain result in more severe phenotypes and are
associated with previously mentioned syndromes'®. Notably, in many studies the
association between tooth agenesis and cancer has been described in patients carrying
MSXI mutation®®. This is, however, not so surprising, as regulatory proteins involved in
embryogenesis are often reactivated in tumors (reviewed in®7).

MSX1 properties have been studied also in human cancer; however, various studies

often show contradictory views on the MSX1 functions. A few studies indicate that MSX/
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Figure 14 | Msx1I expression in embryonic development.

(A) Msx1 expression visualized by whole-mount X-gal staining of Msx/-LacZ mouse embryo.
At embryonic day 14.5 (E14.5), Msx1 is expressed in the limb buds, brain, ears, and craniofacial
region (unpublished pictures provided by L. Janeckova). (B) Coronar sections of Msx1-
deficient mouse embryo (E15.5) shows arrested molars at the stage of tooth buds and
incomplete fuse of palate (adopted from**®). (C) Skeletal preparations stained by Alcian blue
show defective development of limb bones in Msx1-/Msx2-double-deficient embryos at E14.5
(adopted from'3%). (D) Whole-mount in situ hybridization of Wntl mRNA reveals decrease of
Wntl expression in the midline region in Msx1-deficient mouse embryos and almost complete
loss in Msx 1-/Msx2-double-deficient embryos (adopted from?).

overexpression induces transformation®?> 2*4, whereas other studies describe MSX1 as a
tumor suppressor>’- 322 422 QObserved discrepancies possibly indicate tissue-specific and
context-dependent functions of MSXI1. For example, MSX/ overexpression in human
ovarian cancer cell lines leads to inhibition of cell proliferation and increased apoptosis®’;
moreover, the levels of MSX] expression seem to correlate with platinum drug sensitivity®®
27

. MSXI 1is often silenced in cervical cancer cells, probably due to promoter

hypermethylation, and its overexpression results in restoration of apoptosis, cell cycle
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arrest, and inhibition of migration®*® 4>}, On the other hand, MSX1 expression was increased

61,216 ‘and also in pituitary

in breast cancer cells where it enhanced their invasive capabilities
adenomas®?? and liposarcomas®'.

Finally, several studies brought findings about MSX/ expression in intestinal
tumors. MSX1 overexpression was detected in human CRC on the RNA and protein level
and immunohistochemical staining revealed MSXI1 signal in CRC cells with equal
distribution between tumor center and invasive front!!>. Gene expression analysis
combined with DNA methylation profile of colon adenocarcinoma and control tisssues
revealed that MSX1 expression negatively correlated with promoter methylation, i.e. that
MSXI was hypermethylated and downregulated in colon adenocarcinoma®?®. These results

bring opposite observation to studies that described MSX/ overexpression in cancer cells?**

234 however, the authors suggest that the promoter hypermathylation may be a tumor-
acquired feature. This would be in accordance with previous findings that MSX/
overexpression represses proliferation of cancer cells?®®” 2. Of note, increased DNA
methylation of the Msx/ locus was described in mouse colonic epithelial cells that were
exposed to colitis by AOM/DSS treatment!®. However, there is otherwise a significant gap
of knowledge regarding the Msx1 function in mouse intestinal tumors. Finally, the MSX1
function in cancer may be associated with metastasis since MSX1 seemingly facilitates the

epithelial mesenchymal transition (EMT)!?%:2%%:3%3 which is a prerequisite for migration of

cancer cells from the primary tumor!!®,

1.3.2 Hicl transcription factor

Studies of the HICI gene dates back to 1995 when Wales and colleagues sought
genes located on the short arm of chromosome 17 (17p13.3), a region telomeric to the gene
encoding the p53 tumor suppressor. This locus was, according to allelic loss data, suggested
to harbor other tumor suppressor gene(s). In addition to the HIC! encoding sequence,
Wales and colleagues also identified a p53-binding site in the HICI regulatory region®!
and following functional studies confirmed direct p53-induced activation of HICI
expression’” **!. Moreover, it was later discovered that HIC1 is involved in a regulatory
loop activated by DNA damage which results in p53 downregulation®® and studies in mice
revealed a functional synergism of Hicl and p53 in tumor growth suppression'?’.
Additionally, loss of HIC1 has been linked to the Miller-Dieker syndrome (MDS), a disease

caused by chromosomal microdeletion of the 17p13.3 chromosomal region. Patients with
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MDS suffer from hypotonia and lissencephaly (no gyrification of brain) and have extensive
craniofacial defects*!®. Epigenetical silencing of HIC1 by hypermethylation of its promoter
has been observed in many human cancers, including colon, brain, lung, prostate, breast,
and liver’!. Nevertheless, HICI expression exhibits a wide variety among cancer tissues
and in some cases it is similar to matching healthy tissue. Of note, high production of HIC1
is characteristic for a specific type of intestinal tumors sensitive to chemotherapy'*’.

In the mouse, Hicl is expressed in all adult tissues and exhibits an interesting
expression pattern in developing embryos. /n situ hybridization of Hicl mRNA revealed
expression in many precursor areas that later give rise to tissues that are affected in patients
with MDS, e.g. the first pharyngeal arch which becomes mandible, maxilla, and palate.
Hicl is also expressed in the mesenchyme adjacent to budding epithelia of inner organs,
such as nose, salivary glands, gut, and urogenital ridge. Furthermore, Hicl expression was
detected in the lateral body wall, precartilaginous condensations, limb buds and developing
kidneys”. Hicl”- embryos are smaller than wild-type embryos, have severe developmental
defects including acrania, exencephaly, cleft palate, limb abnormalities, and omphalocele
and die perinatally®®. Heterozygous Hicl™~ mice exhibit no defects during embryonic
development and are viable; however, they develop numerous malignant tumors in many
tissues due to epigenetical silencing of the “healthy” allele!%S.

HIC1 is an evolutionarily conserved transcription repressor, which controls
expression of several genes that are involved in proliferation, cell cycle regulation,
development, tumor growth, and metastatic invasion!®® 2°2. The HIC1-mediated
transcriptional repression may be accomplished in several ways. The HIC1 N-terminal
broad-complex, tramtrack, and bric-a-brac [BTB, alternative name poxvirus and zinc

374 and is able to

finger (POZ)] domain mediates oligomerization of the HIC1 polypeptide
autonomously repress transcription of the target genes without co-operation with histone
deacetylases (HDACs; reviewed in'>®). The central part of the HIC1 protein harbors
additional autonomously-active transcriptional repression domain with evolutionarily
conserved protein binding motifs responsible for interaction with other proteins, e.g. with
the general transcriptional co-repressor C-terminal-binding protein 1 (CtBP)*’. Moreover,
HIC1 in complex with its co-repressors binds to the regulatory region of the gene encoding
HDAC Sirtuin 1 (Sirt1)**°. Furthermore, HICI interacts with human polycomb-like
proteins and recruits the PRC2 to the target genes®. Interestingly, HIC1 is able to indirectly
inactivate transcription of its target genes that do not have HICI-binding sites in their

regulatory regions. This transcriptional repression was found in Wnt signaling, where
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Valenta and co-workers identified interaction between HICI1 and B-catenin/TCF4
complexes. Upon binding to HIC1, the proteins were sequestered into nuclear structures
called “HIC1 bodies”, resulting in decreased Wnt signaling activity>’*.

Hicl role in the intestinal tissue has not been clearly defined, as only a few studies
have dealt with Hicl in the intestine. Some Hicl-regulated genes with functions in the
mouse intestines have been described. Hicl negatively regulates expression of Arohl
(alternative name Mathl), a gene encoding a transcription factor which promotes secretory
lineage specification during differentiation of progenitor cells in intestinal crypts (reviewed
in*3%). Loss of Atoh1 results in depletion of Paneth, goblet, and enteroendocrine cells*'® and
increased tumor formation in Apc™ mice?®. Similarly, in human, ATOH1 antagonizes
tumor growth by regulating proliferation and apoptosis, and in APC-deficient CRC tumors,
ATOH] promoter is silenced by DNA methylation, which allows tumor cells to escape the

cell cycle regulation and apoptosis®® 23!

. On the molecular level, Atohl upregulates
expression of genes encoding p57¢P? and p275P! cell cycle inhibitors, thus arresting the cell
cycle progression!®. Although the direct effect of Hicl on the Atohl function in the
intestines has not been described, based on the results of studies dealing with Atohl and
Hicl function in the intestinal tissue and tumors, it can be assumed that Hicl loss would
probably lead to increase of Atohl expression and promote tumorigenesis. Hicl also
downregulates expression of the gene encoding the transcription factor Sox9 that is
required for Paneth cells maturation®. Sox9 depletion from the intestinal epithelium leads
to loss of reserve population of intestinal stem cells (the so called +4 population) with the
consequence of impaired regeneration after irradiation-induced injury*®!. In contrast,
increased Sox9 expression was observed in tumors developed in Hicl ™~ Apc™" mice, which
were negative for Hicl and exhibited accelerated growth??. Importantly, Sox9 has been
described as a negative regulator of protein kinase C alpha (PKCa) in intestinal epithelial
cells®®, a gene that suppresses growth of gastrointestinal tumors (reviewed in'®), including

Min mice?>®. To summarize, Hicl depletion increases Sox9

those developed in Apc
expression, which subsequently downregulates PKCa expression and thus mediates tumor
development. Therefore, these (and other) studies strongly suggest Sox9 function in ISCs
protection from tumorigenesis, which is impaired when Sox9 expression is imbalanced, e.g.
by loss of its repressor Hicl. Hicl has been also described as an important component of

the intestinal immune system. Hicl is expressed in immune cells in the lamina propria and

T-cell specific deletion of Hic/ in mice results in reduced numbers of lamina propria-
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resident T cells. Moreover, Hicl-deficient T-cells are not able to induce intestinal

inflammation, which confirms the important role of Hicl in intestinal tissue®*.
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2 Aims of the thesis

The canonical Wnt signaling pathway is one of the most prominent signaling pathway
that governs many aspects of embryonic development, participates in the maintenance of
adult stem cells, and have important functions in the initiation and progression of many
types of cancer. A large number of genes whose expression is dependent on the level of
Whnt signaling has been discovered, however, the list is undoubtedly incomplete. Similarly,
numerous genes involved in the Wnt signaling pathway regulation have been described,
but the consequences of their inactivation (in the intestines) are often far from being clearly
defined. MsxI was previously described as the Wnt target gene and its function in
craniofacial development and teeth morphogenesis has been studied thoroughly.
Nevertheless, the Msx1 role in cell transformation and tumor biology is still not well
understood and its function in the intestines has not yet been studied at all. Hic/ represents
a well described tumor suppressor gene, however, its role in the (healthy) intestinal
epithelium has not yet been fully clarified.

The aims of this thesis were to characterize the role of MSX1 transcription factor in
the mammalian intestinal epithelium, especially in the context of colorectal cancer, and to

study the Hicl function in mouse intestines.

The specific aims of the theses are:

1. To characterize the Msx1 function in mouse intestinal tissue and tumors.
To describe the MSX1 function in human colorectal cancer.

To identify genes regulated by MSX1 in mouse and human intestinal cancer cells.

> wn

To investigate the effect of Hic/ inactivation in the mouse intestines.
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3 Materials and Methods

Experimental mice

Housing of mice and in vivo experiments were performed in compliance with the European
Communities Council Directive of 24 November 1986 (86/609/EEC) and national and
institutional guidelines. Animal care and experimental procedures were approved by the
Animal Care Committee of the Institute of Molecular Genetics (Ref. 71/2014). ApcKO/ekO
mice were obtained from the Mouse Repository (National Cancer Institute, Frederick, MD);
Villin-CreERT?2 and Villin-Cre mice®® were kindly provided by S. Robine (Institut Curie,
Centre de Recherche, Paris, France); Msx/-LacZ mice were obtained from the Knockout
Mouse Project (KOMP) Repository; Apc™™™  ROSA-CreERT2, Lgr5-EGFP-IRES-
CreERT2, MsxI€9“K0  and immonodeficient NSG™ mice were purchased from the
Jackson Laboratory (Bar Harbor, ME, US). HicI(?“%0 mice?’! were generated previously

in our lab. Animals were housed in specific pathogen-free conditions.

Cre-mediated gene recombination

For expression profiling, adult mice were gavaged with 5 mg of tamoxifen (Sigma-
Aldrich); 0.3 mg of tamoxifen was used in the survival experiment; 1 mg of tamoxifen was
used in all other experiments. Tamoxifen was dissolved in ethanol (100 mg/ml) and prior
to gavage combined with mineral oil (1:1 ratio). Mice of 6 weeks or older were used in all
experiments. Mice were sacrificed by cervical dislocation at various timepoints after a
single dose (100 pl) of tamoxifen/oil mixture. Intestines were dissected, washed in
phosphate-buffered saline (PBS), fixed in 4% (v/v) formaldehyde (FA, Sigma-Aldrich) in

PBS overnight, embedded in paraffin, sectioned, and stained.

DSS treatment

Msx1€9%K0 Villin-Cre mice were administered with 2% (w/v) DSS (MP Biomedicals;
MW36-50 kDa) in drinking water for 5 days to induce damage in the colon. Colons were
collected upon DSS withdrawal at day 2 (acute colitis), day 5 (beginning of the regenerative
phase), and day 9 (late regenerative phase). Two Cre™ and two Cre littermates were used;

untreated mice of the same genotype were used as a control.
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Total body irradiation

Msx1€9%K0 Villin-Cre mice were exposed to single total body irradiation of 5 Gy during 5
minutes. The X-RAD 225 XL instrument (PRECISION X-Ray Inc) with 0.5 mm Cu (F5)
filter was used; voltage and current of the X-ray tube was set to 225 kV/13.3 mA. Mice
were sacrificed 2, 4, and 6 days after irradiation and the small intestines were collected for
each timepoint. Two Cre” and two Cre” littermates were used; untreated mice of the same

genotype were used as a control.

Xenotransplantation

SW620 single cell clones with the MSX! gene disrupted (n = 3) and control cells with intact
MSXI (n = 3) were cultured to 90-100% confluency, harvested, and resuspended in PBS.
NSG™ mice were injected with 1x107 cells (in 100 pl PBS) into the lumbar back area.

Mice were sacrificed 28 days after injection, tumors were resected and weighed.

Crypt isolation, organoid culture, and 4-hydroxytamoxifen treatment

Mouse intestinal crypts were isolated according to previously published protocols®®- 310,
Briefly, approximately 5 cm of the proximal jejunum was dissected and washed from inside
with cold PBS, cut opened, and the villi were scraped off using a coverslip. The tissue was
transferred into 50ml Falcon tube with 15ml of ice-cold PBS and vigorously shaked. The
PBS with debris was removed, fresh PBS was added and the process of shaking was
repeated for 5-10 times, until the PBS after shaking was clear. The intestines were
incubated in 5SmM ethylene-diamine-tetra-acetic acid (EDTA, Merck) in PBS at 4°C for 30
min on a rocking platform. The PBS with EDTA was removed, 7-8 ml of fresh PBS were
added, and crypts were released by gentle shaking. The suspension was passed through
70um strainer (Corning) and centrifuged at 300g at 4°C for Smin. The pellet was washed
with 5ml ice-cold Advanced Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12
medium (Gibco), resuspended in Matrigel (BD Biosciences), and small drops of the
mixture were placed to pre-warmed 24-well plate. The plate was incubated for 10 min at
37°C and a complete organoid growth medium [Advanced DMEM/F-12 supplemented
with 10mM HEPES, 1x Glutamax, 1mM N-acetyl-cysteine, 1x Penicilin/Streptomycin, 1x
N-2 supplement, 1x B-27 supplement (all from Thermo Fisher Scientific), 10% Rspol-
conditioned media, 10% Noggin-conditioned media, mEGF (50 ng/ml; Peprotech), and
Primocin (100 pg/ml, Invivogen)] was poured to the embedded crypts. A fresh complete

organoid growth medium was given to the organoid culture every 2-3 days. In growth
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media for colon organoids, Wnt3a-conditioned medium was added to final 50%
concentration. Organoids were passaged every 5-7 days by mechanical disruption using
200-pl plastic pipette tip. For Cre-mediated recombination, organoids were treated with
1uM 4-OHT (Sigma-Aldrich); control organoids were treated with same volume of ethanol.
Alternatively, single-cell suspension of crypt cells was obtained by incubation of freshly
isolated crypts with Dispase (100 mg/ml, dilution 1:200 in serum free DMEM; Gibco) in a
mixing block for 5 min at 37°C and 800 rpm for three times. The suspension was diluted
in DMEM supplemented with 10% fetal bovine serum (FBS; Gibco) and passed through a
40-pm strainer (352340, Corning) to obtain single cells.

Fluorescence-activated cell sorting (FACS)

Single cell suspension obtained from the Lgr5-EGFP-IRES-CreERT2 small intestinal
crypts was stained with following antibodies: Fluorescein isothiocyanate (FITC)-
conjugated anti-CD45 (ExBio), Allophycocyanin (APC)-conjugated anti-Epithelial cell
adhesion molecule (EpCam, eBioscience) and Phycoerythrin (PE)-conjugated anti-CD24
(eBioscience) for 30 min at 4°C. Single cells were gated by forward scatter (FSC), side
scatter (SSC), and negative staining for Hoechst 33258 (Sigma-Aldrich). CD45 EpCAM"*
population of epithelial cells was further sorted by GFP expression to CD24"/GFP~ (Paneth
cells) and CD24"/GFP". According to the SSC pattern, CD24"/GFP" population was further
divided into CD24"/GFP" large cells (“intermediate” cells) and CD24"/GFP" small cells
(stem cells). Alternatively, epithelial cells obtained from Apc® % KO Villin-CreERT2 small
intestine 7 days after tamoxifen administration were processed as described previously>®,
Briefly, cells were washed with RNase-free staining buffer [SB; PBS supplemented with
1% RNase-free bovine serum albumin (BSA, Gemini Bioproducts) and 0.0025% RNasin
Plus (Promega)] and incubated with Fixable Viability Dye eFluor 780 (Thermo Fisher
Scientific) and APC-EpCam antibody. Cells were fixed in 4% paraformaldehyde (PFA;
Electron Microscopy Sciences) diluted in PBS for 15 min at 4°C and permeabilized in SB
buffer with 0.1% Triton X-100 (Sigma-Aldrich) for 10 min at 4°C on a rocking platform.
After fixation, the anti-Msx1 antibody (R&D Systems) was used followed by Alexa Fluor
488-conjugated rabbit anti-goat IgG (Thermo Fisher Scientific). eFluor 780"/EpCAM*
single cells were sorted as Msx1 (highly) positive (+) or negative (-). Sorting was performed

on Influx cell sorter (BD Biosciences).
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Cell cycle analysis and proliferation assay

Cell number and viability were determined using the automated cell counter Cellometer
Auto T4 (Nexcelom Bioscience) based on the trypan blue exclusion method or by CellTiter-
Blue® reagent (Promega) and EnVision® Multilabel Reader (PerkinElmer). Cells were
harvested and washed with ice-cold PBS, fixed in 70% ethanol, dyed with propidium iodide
(PI; Sigma-Aldrich) and the cell cycle was analyzed using a BD FACSCanto™ 1I flow

cytometer (BD Biosciences) and FlowJo™ software.

Microarray analysis

Total RNA was isolated from Apc®% KO Villin-CreERT? intestinal epithelium 2 and 4 days
after administration of 5 mg of tamoxifen by gavage; mice administered with the solvent
(ethanol and mineral oil mixture) were used as controls. Four biological replicates were
used for each timepoint. The RNA samples were analyzed using MouseRef-8 v2.0
Expression BeadChip (Illumina). Raw data were processed using the beadarray package of
Bioconductor and analyzed as described previously?!>. Gene set enrichment analysis

(GSEA) was performed using the Enrichr gene analysis tool'?* 81, Alternatively, total RNA

cKO/cKO cKO/cKO Msx ] cKO/cKO

was isolated from the Apc and Apc mouse small intestinal or
colonic epithelium 7 days after administration of 1 mg of tamoxifen by gavage; mice
administered with the solvent were used as controls. Four biological replicates were used
for both mouse strains. RNA samples obtained from the small intestine were processed and
analyzed as described above. RNA samples obtained from the colon were amplified and
labeled using GeneChip WT PLUS Reagent Kit (Applied Biosystems) following the
supplier’s protocol and starting with 250 ng of total RNA. Labeled single-stranded DNA
was hybridized onto GeneChip Mouse Gene 2.0 ST arrays (Affymetrix) using GeneChip
Hybridization, Wash, and Stain Kit (Applied Biosystems) following the supplier’s
protocol. Arrays were scanned using GeneChip 3000 7G Scanner (Affymetrix). Total RNA
isolated from SW620 cell clones with the MSX1 gene disrupted (n = 8) or intact (n =4) was
used. The RNA samples were analyzed using Human HT expression BeadChip V4
(Illumina). Raw data were processed and analyzed as described above. The quality of
isolated mRNA was checked using Agilent Bioanalyzer 2100; RNAs with RNA integrity

number (RIN) above 8 were further processed. The microarray analysis was performed in

the Genomics and Bioinformatics facility, IMG, Prague, Czech Republic.
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Human samples

All methods used to collect the human specimens were performed in accordance with the
relevant national and EU guidelines and regulations. The study was approved by the Ethics
Committee of the Third Faculty of Medicine, Charles University in Prague. Informed
consents have were from all patients participating in the study. Paired samples of normal
and neoplastic colonic tissue were obtained from patients undergoing either polypectomy
of colonic adenomas or surgical resection of sporadic CRC (patient data are summarized in
Table 1). The tumor and corresponding normal colonic mucosa samples were immediately
frozen and stored in liquid nitrogen. None of the patients underwent radiotherapy or
chemotherapy before operation. Samples were processed as described previously'®.
Briefly, human samples were disrupted in 600 pl of lysis buffer by green ceramics beads
and MagNA Lyser Instrument (Roche Life Science) and total RNA was extracted using
RNeasy Mini kit (Qiagen) according to manufacturer’s instructions. Complementary DNA
(cDNA) synthesis was performed in 20-pl reaction using 1 pg of total RNA, random
hexamers and RevertAid reverse transcriptase (Thermo Fisher Scientific) according to
manufacturer’s protocol. PCR reactions were run in triplicates using LightCycler 480
Probes Master and Universal Probe Library (UPL) hydrolysis probes and LightCycler 480
Instrument (all from Roche Life Sciences). The primer pairs and corresponding UPL probes
are listed in Table 2. Threshold cycle (Ct) values for each triplicate were normalized by
geometric average of housekeeping genes ubiquitin B (UBB) and TATA-box binding
protein (7BP). Resulting values were averaged to obtain ACt values for biological
replicates. Relative mRNA abundance (ACt in healthy tissue — ACt in neoplastic tissue)
was correlated with the histological grade of tumor samples using the rank-order

Spearman’s (p) and Kendall’s () coefficient.

Table 1 | Patient summary and histopathological Age Gender
grade of colorectal neoplasia specimens. (median, min.-max.) (M/F)
The MSXI and SOX17 gene expression levels were HYP 69 (59-77) 6/3
analyzed in the total amount of 72 neoplasia LGD 67 (53-89) 12/15
specimens and compared to the gene expression HGD 64 (36-85) 15/9
level in the matching healthy mucosa. CRC 82 (63-90) 6/6

Cell culture
HEK293, SW480, and SW620 cell lines were purchased from the American Type Culture
Collection (Cat. No.: CRL-1573, CCL-228, and CCL-227). STF cells*'! were kindly
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provided by Q. Xu and J. Nathans (Johns Hopkins University, Baltimore, MD). HEK293
and STF cells were maintained in DMEM supplemented with 10% FBS, penicillin,
streptomycin, and gentamicin (all antibiotics were purchased from Invitrogen). SW480 and
SW620 cells were maintained in Iscove’s Modified Dulbecco’s Medium (IMDM)
supplemented with 10% FBS, penicillin, streptomycin, gentamicin, NEA (Gibco), and
Glutamax (Gibco). Conditioned media for organoid cultures were obtained from cells
producing mouse R-spondinl or mouse Noggin (dilution 1:10; cells were kindly donated
by M. Maurice, University Medical Center Utrecht, Utrecht, The Netherlands). For Wnt
signaling activation, HEK293 cells were treated with GSK3[ inhibitor BIO [Sigma-
Aldrich; final concentration 1uM; the stock solution was prepared in dimethyl sulfoxide
(DMSO); control cells were treated with solvent only] or by conditioned media (CM)
obtained from cells producing the mouse Wnt3a ligand (dilution 1:1; cells were kindly
donated by M. Maurice, University Medical Center Utrecht, Utrecht, The Netherlands);
control cells were treated with the same dilution of CM obtained from cells non-producing

the Wnt3a ligand. Both treatments were performed overnight.

Cell viability test

Cells were seeded to 96-well Assay Plates (Corning) at approximately 12.5% confluency
in 100 pl of IMDM. Six hours after seeding, 10 pl of alamarBlue reagent (Thermo Fisher
Scientific) was added to each well. After 60 min, the fluorescence intensity was measured
in the culture medium using EnVision® Multilabel Reader (PerkinElmer). The

measurement was repeated every 24 hours for 5 days.

RNA purification, cDNA synthesis, quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA from cell lines and mouse tumors was isolated using TRI Reagent (Sigma-
Aldrich), total RNA from epithelial or crypt cells, sorted cells and organoids was isolated
by RNeasy Micro Kit or RNeasy Mini Kit (both kits were purchased from Qiagen), total
RNA from fixed sorted cells was isolated using miRNeasy FFPE Kit (Qiagen); RNA
isolation was performed according to the manufacturer’s protocol. Complementary DNA
synthesis was performed in 20-ul reaction using random hexamers and 1 pug of total RNA
(or the whole eluate when the RNeasy Micro Kit or miRNeasy FFPE Kit was used). RNA
was reverse transcribed using RevertAid Reverse Transcriptase or MAXIMA Reverse

Transcriptase (both were purchased from Thermo Fisher Scientific) following
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manufacturer’s protocol; for cDNA synthesis from fixed sorted cells, the QuantiTect kit
(Qiagen) was used. Quantitative RT-PCR reactions was performed in triplicates using
SYBR Green I Master Mix and measured by LightCycler 480 apparatus (both from Roche

Life Science). For a list of primers, see Table 2.

Immunoblotting

The immunoblotting procedure was performed as described in a detailed protocol
previously'®’. Briefly, cultured cell were incubated in lysis buffer [SOmM Tris (pH 7.8),
400mM NaCl, 0.5% Triton X-100] supplemented with the protease inhibitor cocktail
(Roche Life Science) for 30 min at 4°C. The lysates were centrifuged at 20000g for 15 min
at 4°C. Protein concentration in the lysate was assessed using Bradford Reagent (VWR
International) and EnVision® Multilabel Reader (PerkinElmer). The lysate was mixed with
Laemmli Sample Buffer (Merck), incubated at 95°C for 5 min, separated by sodium
dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to a
nitrocellulose membrane using Trans-Blot® SD semi-dry transfer cell (Bio-Rad). The
membranes were blocked using 5% (w/v) non-fat milk with 0.05% Tween-20 (Merck) in
PBS and incubated with primary antibodies overnight at 4°C. Membranes were washed in
PBS with 0.05% Tween-20 and incubated for 1 hour with horseradish peroxidase (HRP)-
conjugated secondary antibody. The HRP activity was detected by Pierce ECL Western
Blotting Substrate (Thermo Fisher Scientific). Primary antibodies are listed in Table 3,
peroxidase-conjugated anti-goat, anti-mouse, and anti-rabbit secondary antibodies were

purchased from Sigma-Aldrich.

Immunocytochemistry

SW620 EGFP-MSX1 cells were stained as described previously!’®. Briefly, cells were
grown on round coverslips in wells of 24-well plate, fixed in 4% PFA diluted in PBS for
20 min at room temperature (RT), and treated with 0.25% Triton X-100 in PBS for 10 min.
Cells were incubated with primary antibody diluted in DMEM supplemented with 10%
FBS at 4°C overnight. Subsequently, secondary antibodies diluted in DMEM/FBS were
added to cells for 1 hour incubation at RT. Cells were counterstained with hematoxylin
(Vector Laboratories) or DAPI nuclear stain (Sigma-Aldrich). Primary antibodies are listed
in Table 3; goat-anti-rabbit and rabbit-anti-goat secondary antibodies conjugated with

biotin or Alexa Fluor 488 or 594 were purchased from Thermo Fisher Scientific.
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Immunohistochemistry, f-galactosidase and periodic acid-Schiff staining

The tissue was fixed in 4% (v/v) formaldehyde (FA; Sigma-Aldrich) in PBS overnight and
embedded in paraffin using an automatic tissue processor (Leica). Paraffin embedded tissue
was cut to 6-um sections that were incubated at 42°C overnight and dewaxed in xylene.
Antigen retrieval was performed in 10mM citrate buffer (pH 6.0) in a steam bath for 20
min. Endogenous peroxidase was blocked by incubation in 0.2% H20O; (Sigma-Aldrich)
diluted in methanol (Merck, Kenilworth, NJ, USA) for 25 min. Slides were incubated with
primary antibody diluted in Tris-buffered saline (TBS) buffer supplemented with 5% serum
(Vector Laboratories) and 1% BSA (Sigma-Aldrich) at 4°C overnight. Subsequently,
biotin-conjugated secondary antibodies diluted in TBS supplemented with 5% serum were
added to slides for 1 hour incubation at RT. The signal was enhanced by 30 min incubation
with Vectastain ABC kit (Vector Laboratories) and developed in 3,30-diaminobenzidine
(DAB) solution (Vector Laboratories; 30 mg dissolved in 90 ml of 50mM Tris, pH 7.5).
Sections were counterstained with hematoxylin (PENTA), dehydrated and assembled in
Solakryl BMX (Draslovka Holding B.V.). Primary antibodies are listed in Table 3. Biotin-
conjugated anti-goat, anti-mouse, and anti-rabbit secondary antibodies and Alexa Fluor
488-conjugated anti-mouse and anti-rabbit secondary antibodies were purchased from
Thermo Fisher Scientific. Apc YK0 Msx 1"t Villin-CreERT2 mice were sacrificed 7
days after administration of a single dose of tamoxifen; mice administered with the solvent
were used as controls. LacZ-expressing tissue was pre-fixed in ice-cold fixative [1% PFA,
0.2% glutaraldehyde (Merck), 0.02% NP40 in PBS] at 4°C for 1 hour on a rocking platform.
The fixative was removed and the tissue was washed three times in PBS for 20 min at RT
on a rocking platform. The B-galactosidase substrate solution [SmM K3Fe(CN)s, SmM
K4Fe(CN)s, 2mM MgCl, 0.02% NP40, 0.01% sodium deoxycholate, and 5-bromo-4-
chloro-3-indolyl-B-D-galactopyranoside (X-gal, 1 mg/ml; Sigma-Aldrich) in PBS] was
added and the tissue was incubated in the dark overnight. The substrate was removed and
the tissue was washed twice in PBS for 20 min at RT on a rocking platform and fixed in
4% FA at 4°C overnight. After fixation, the tissue was embedded in paraffin and processed
as described above. Sections were counterstained with the nuclear fast red stain (Sigma-
Aldrich). The periodic acid-Schiff (PAS) staining was performed using the P.A.S. acc.

Hotchkiss-McManus kit (DiaPath) according to the manufacturer’s instructions.
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In situ hybridization (ISH)

Paraffin embedded tissue was cut to 8-um sections that were incubated at 42°C for 1 hour
and dewaxed as described above. Sections were treated with 0.2M HCI for 15 min at RT
and incubated with Proteinase K (EO0491, Thermo Fisher Scientific) diluted in PBS
(concentration 30 pg/1 ml) for 15 min at RT. Sections were rinsed with 0.2% Glycine
(PENTA) dissolved in PBS, fixed with 4% (v/v) PFA in PBS for 10 min at RT, treated with
0.25% acetic anhydride (Sigma-Aldrich) diluted in 0.01M triethanolamine hydrochloride
solution (Sigma-Aldrich) with pH 8.0 for 10 min. Digoxigenin-labeled probes were diluted
in hybridization solution consisting of 50% formamide (Amresco), 5x Saline-Sodium
Citrate buffer (SSC; 20x concentrated SSC contains 3M NaCl and 0.3M sodium citrate, pH
4.5), 2% Blocking Reagent (11096176001; Roche Life Science), SmM EDTA, 0.05%
CHAPS (Sigma-Aldrich), 50 pg/ml heparin (Sigma-Aldrich), and 1 pg/ml yeast total RNA
(Sigma-Aldrich) and incubated on slides for 48-72 hours at 65°C. Sections were washed in
50% formamide diluted in SSC (pH 4.5) with 0.1% Tween-20 at 62°C. Hybridized slides
were developed using alkaline phosphatase-conjugated sheep anti-digoxigenin Fab
antibody (Roche Life Science) diluted in MATB buffer [100mM maleic acid (pH 7.5),
150mM NacCl, 0.1% Tween-20] with 0.5% Blocking Reagent at 4°C overnight. The signal
was detected using a mixture of nitro-blue tetrazolium chloride [NBT; 100 mg/ml in 70%
dimethylformamide (DMF)] and 5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt
(BCIP; 50 mg/ml in 100% DMF) substrates [17ul each in 1 ml of buffer consisting of 0.1M
NaCl, 0.1M Tris (pH 9.5), 0.05M MgCl:] for 1-6 hours at RT. Sections were mounted in
Mowiol (Sigma-Aldrich).

Synthesis of ISH probes

Mouse Msx1 and Sox17 cDNAs were purchased from Addgene (#21024 and #50781). Msx1
cDNA was directly cut out by restriction enzymes from the donor vector and ligated into
pBluescript KS II (Stratagene) vector; Sox/7 cDNA was PCR amplified from the donor
vector and ligated into pBluescript KS II. Mouse A4sc/2 and Olfm4 cDNAs were PCR
amplified from cDNA reverse transcribed from total RNA isolated from wild-type mouse
small intestinal epithelial cells and cloned into pBluescript KS II (primers used for PCR
amplification are listed in Table 2). Plasmids were linearized and digoxigenin-labeled RNA
probes were synthesized using DIG RNA Labeling Mix (Roche Life Science) and T7 or T3
RNA polymerase (Thermo Fisher Scientific) for sense and antisense probes, respectively.

Probes were purified using mini Quick Spin RNA Columns (Roche Life Science).
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RNA interference (RNAi)

Cells were transfected with 10nM small interfering RNAs (siRNAs) targeting the CTNNB1
(B-catenin) gene (s437; Ambion) or control siRNAs (D001206-13-20; Dharmacon) using
Lipofectamine RNAiMax (Invitrogen) according to manufacturer’s protocol. Cells were re-
transfected 2 days after the first transfection to increase the effect of RNA interference and

harvested 2 days after the second transfection.

Transfection, Lentivirus production and purification

To produce lentiviral particles, one 10 cm Petri dish with HEK293FT cells (Invitrogen)
was seeded at ~30% confluency one day before transfection in IMDM media. The
transfection was performed using Lipofectamine® 2000 (Thermo Fisher Scientific) in
serum-free OptiMEM medium (Thermo Fisher Scientific) according to manufacturer’s
protocol. For one 10 cm Petri dish, following amounts of plasmids were used: 4 pg psPAX2
(Addgene #12260), 2.7 ng pCMV-VSV-G (#8454), and 5.3 pg lentiCas9-Blast (#52962).
After 6 hours of incubation with plasmid DNA at 37°C, media was changed to fresh IMDM.
After 48 hours, media was removed and centrifuged at 3000g at 4°C for 15 min to spin
down cell debris. The supernatant (~ 12 ml) was transferred to a new plastic tube, 25 % of
the volume (~ 3 ml) of PEGit Virus Precipitation Solution (System Biosciences) was added
and the mixture was manually rotated 10-20 times. The mixture was incubated at 4°C
overnight and then centrifuged at 1500g at 4°C for 30 min to spin down lentiviral particles.
The supernatant was discarded and the pellet was gently resuspended in 150 pl of PBS.
Generation of lentiCRISPR viruses was analogous, lentiGuide-Puro plasmids (#52963)
encoding corresponding guide RNAs (gRNAs) were used.

Disruption of the human APC gene

Exon 15 of the APC gene was targeted in STF cells*!! using the clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)
system. Three different gRNAs were cloned into the lentiCRISPRv2 vector (Addgene,
#52961) as described previously’***!. Guide RNAs were designed using CRISPR Design
Tool available at crispr.mit.edu; the list of gRNA sequences is provided in Table 2. Cells
were co-transfected with lentiCRISPRv2 plasmid and pARv-RFP reporter!® (Addgene
#60021) containing the appropriate gDNA sequence recognized by gRNA. RFP* cells were
sorted into 96-well plates and expanded as single cell clones. Control cells were transduced

with the empty (BsmBI digested and self-ligated) lentiCRISPRv2 vector and processed in
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an analogous way. Generation of STF cells harboring truncation in exon 10 of the APC

gene was described previously®’?

17.

. The scheme of the targeted locus can be found in Figure

Tagging and disruption of the MSX/ gene in human cells

To generate cells producing MSX1 protein fused at its N-terminus with EGFP, SW620 cells
were co-transfected with the lentiCRISPRv2 vector containing gRNA targeting exon 1 of
the MSXI gene together with a synthetic template (purchased from GenScript) for
homology-directed repair of the MSX/ locus and corresponding pARv-RFP reporter vector
(Addgene #60021). RFP" cells were sorted into 96-well plates and expanded as single cell
clones. Individual clones were PCR screened for the presence of correct insertion of the
exogenous template, genotyping primers are provided in Table 2. The scheme of the
targeted locus can be found in Figure 45. To disrupt the MSX/7 gene, SW620 cells stably
producing the Cas9 enzyme were generated by retroviral transduction using the lentiCas9-
Blast vector (#52962, Addgene) and batch-selected using 10 pg/ml blasticidin (Gibco). To
introduce truncations in the MSX/ gene, SW620/Cas9-Blast cells were transduced with
lentiGuide-Puro (#52963, Addgene) lentiviral particles targeting the first exon of the MSX7
gene and selected with 6 pg/ml puromycin (Thermo Fisher Scientific). The transduction
was performed in four technical replicates, two lentiGuide-Puro plasmids targeting
different sites in the MSX!/ first exon were used; cells transduced with empty (BsmBI
digested and selfligated) lentiGuide-Puro plasmid were used as a control. Correct targeting
was verified by PCR amplification and sequencing. Selected polyclonal cultures were

analyzed by Western blotting. The scheme of the targeted locus can be found in Figure 41.

Chromatin immunoprecipitation (ChIP)

SW620 cells (10 million cells per ChIP) producing EGFP-MSX1 fusion protein were
crosslinked by 1% FA, lysed using HighCell ChIP kit (C01010062, Diagenode), and the
isolated chromatin was sheared by sonication with three runs of 10 cycles (30 s ON/30 s
OFF) at high power setting using Bioruptor sonicator (Diagenode). The sheared chromatin
from SW620 GFP-MSX1 or parental cells was incubated with GFP-Trap® MA
(Chromotek) magnetic beads and further processed as described in the protocol provided
by the manufacturer. Antibodies against H3K4me3 (C15410003) and negative control
rabbit IgG were purchased from Diagenode. After decrosslinking, the DNA was isolated
using QIAquick PCR purification kit (Qiagen) and quantitative PCR reactions were
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performed using a LightCycler 480 Instrument. After decrosslinking, DNA was isolated
using QIAquick PCR purification kit (Qiagen). Occupancy of the ASCL2 and SP5 gene
regulatory regions by MSX1 was assayed by PCR; primers are listed in Table 2. The
recovery of the particular promoter locus was calculated as the relative amount of

immunoprecipitated DNA compared to input DNA (percentage of input).

Luciferase reporter assay

The luciferase reporter assay was performed using Dual-Glo Luciferase Assay System and
GloMax® 20/20 Luminometer (all from Promega), according to the manufacturer’s
protocol. To test the human SP5 promoter activity, a region of the promoter containing
TCF/B-catenin and MSX1 binding sites was PCR-amplified from human genomic DNA
and cloned into the pTA-Luc vector (Invitrogen). To test the mouse Sox/7 promoter
activity, a region of the promoter containing two Msx1 binding sites was PCR-amplified
from mouse genomic DNA and cloned into pGL4.26 vector (Promega, # 9PIE844). The
scheme of the PCR-amplified SP5 and Sox!7 locus can be found in Figure 46 and 47,
respectively. Primers are listed in supplementary Table 2. All luciferase assays were
performed in triplicates; three MSX1-deficient and three control clones of SW620 cells

were used. Luciferase activity was normalized to Renilla.

Wound healing assay

SW620 cells with MSX1 gene disrupted (n = 3) and intact (n = 2) were cultured to 100%
confluency and treated with mitomycin C (Sigma-Aldrich) diluted to final concentration
10 pg/ml in IMDM. After 2 hours, several scratches (“wounds’) were made in the cell layer
using a 100ul plastic pipette tip and the medium was changed for fresh IMDM. Microscopic
pictures of six sites from the scratched area of each cell clone were taken at 0 hours and 22
hours. The scraped area was marked manually using the FiJi software. The percentage of
“healed” area was calculated from the difference of the scraped area at 22 hours and at 0

hours.

Statistical analysis of data

The results of the qRT-PCR analysis were evaluated by the Student’s t-test. The relative
mRNA abundance (ACt in healthy tissue — ACt in neoplastic tissue) was correlated with
the histological grade of tumor samples using the rank-order Spearman’s (p) and Kendall’s

(7) coefficient. Datasets obtained using RNA microarrays were analyzed within the oligo
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and limma packages of Bioconductor*” - 338 Moderated t-test was used to detect
differentially expressed genes (DEGs) between experimental groups: at least two-fold
change difference in gene expression and Storey’s q-value**® less than 0.05 were considered
significant. The statistic of the survival (Kaplan-Meier) curves was calculated using the log
rank test>> and publically available online calculator (http://astatsa.com/LogRankTest/).
The statistical analysis of data obtained from microarray analysis was performed by H.
Strnad and M. Kolar from the Genomics and Bioinformatics facility, IMG, Prague, Czech
Republic.

Raw expression data repository

Minimum Information About a Microarray Experiment (MIAME) compliant data were
deposited to the ArrayExpress database (E-MTAB-6915, E-MTAB-6930, E-MTAB-6928,
and E-MTAB-6909).
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Table 2 | List of DNA oligonucleotides used in the study.

List of primers used for qRT-PCR

Gene Organism Primer sequence (5" to 3")
f-actin Mouse Forward: GATCTGGCACCACACCTTCT
Reverse: GGGGTGTTGAAGGTCTCAAA
f-actin Human Forward: GGCATCCTCACCCTGAAGTA
Reverse: AGGTGTGGTGCCAGATTTTC
ABHDI2B Human Forward: CGGAAGAAAAATTGCTGCTC
Reverse: TCACCCCAGGTTCAACTCTC
Ascl2 Mouse Forward: AAGCACACCTTGACTGGTACG
Reverse: AAGTGGACGTTTGCACCTTCA
ASCL2 Human Forward: GCGAGCTACTCGACTTCTCC
Reverse: CTCGGCTTCCGGGGCTGAGG
Axin2 Mouse Forward: TAGGCGGAATGAAGATGGAC
Reverse: CTGGTCACCCAACAAGGAGT
AXIN2 Human Forward: TGAGGTCCACGGAAACTGTTGACAGT
Reverse: CCCTCCCGCGAATTGAGTGTGA
Bves Mouse Forward: GAACTGGCGAGAGATTCACC
Reverse: ATCATCACATCCAAGGCACA
CDX2 Human Forward: TGCTGCAAACGCTCAACCCCGG
Reverse: CGGCTTTCCTCCGGATGGTGATG
CHGA Mouse Forward: GCGCCGGGCAAGTTTTTGCC
Reverse: GGGCTGGGTTTGGACAGCGAG
Cryptdins Mouse Forward: AGGAGCAGCCAGGAGAAG
Reverse: ATGTTCAGCGACAGCAGAG
CTSZ Human Forward: GCTTCTGCTGCTCGTGCT
Reverse: GTTGACACCATCCACATTGC
CTNNBI (f-catenin) Human Forward: TTCCAGACACGCTATCATGC
Reverse: AATCCACTGGTGAACCAAGC
DEPDC7 Human Forward: ACCTAAGAGGCAGTCCACCA
Reverse: GTCTGGTTGCTCAGGAAAGC
EGFP Aequorea victoria Forward: GACGTAAACGGCCACAAGTT
Reverse: GAACTTCAGGGTCAGCTTGC
ENTPDS Human Forward: AGCGTCTAAGCACAGCTTCC
Reverse: TCCACCAGGAGGAGAATGAG
GAPDH Mouse Forward: AACTTTGGCATTGTGGAAGG
Reverse: ATCCACAGTCTTCTGGGTGG
KRT23 Human Forward: GCCTCCGAAGGACCTTAGAC
Reverse: AGATCTTCCCTGGGACCTGT
Lgrs Mouse Forward: CCTGTCCAGGCTTTCAGAAG
Reverse: CTGTGGAGTCCATCAAAGCA
Lysozyme Mouse Forward: CCTGACTCTGGGACTCCTCCTGCT
Reverse: CTAAACACACCCAGTCGGCCAGGC
Mdgal Mouse Forward: CCTCACACCCTACACCACCT
Reverse: GGGCCCAGTATTAGGAGAGC
Msx1 Mouse Forward: CTCTCGGCCATTTCTCAGTC
Reverse: TTGGTCTTGTGCTTGCGTAG
MSXI Human Forward: AGAAGATGCGCTCGTCAAAG

Reverse: GGCTTACGGTTCGTCTTGTG
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Msx?2 Mouse Forward: AATTCCGAAGACGGAGCAC
Reverse: CGGTTGGTCTTGTGTTTCCT

MSX2 Human Forward: CGGTCAAGTCGGAAAATTCA
Reverse: GAGGAGCTGGGATGTGGTAA
Mtus?2 Mouse Forward: TCGTCCTCCTGGCTATTCAC
Reverse: CCCTTGGGTGTGTCCTTAGA
Mylk3 Mouse Forward: CCCAGGAAGAACTGAAGCTG
Reverse: CGACCCCCTCCTAAGACTTC
Nkdl Mouse Forward: AGGACGACTTCCCCCTAGAA
Reverse: TGCAGCAAGCTGGTAATGTC
NKDI Human Forward: GCCTCCTGAGAAGACTGACG
Reverse: TTGCCGTTGTTGTCAAAGTC
Olfm4 Mouse Forward: TGGGCAGAAGGTGGGACTGTGT
Reverse: TGTCAGCGGGAAAGGCGGTA
PCNA Mouse Forward: CCACATTGGAGATGCTGTTG
Reverse: CAGTGGAGTGGCTTTTGTGA
RASLI0B Human Forward: GGGGAGCCCCTACTTCTCTC
Reverse: ACCGTCAGGACCAACCATTG
RASLI1IB Human Forward: CCTGGCTCTTCAGGTTCAAG
Reverse: GTGGAGCTGGCTGATGAGTT
Slc5a6 Mouse Forward: GCCCTAGGAATTGTCTGCAA
Reverse: GGCAAGGGAACACTGCATAG
SORBS?2 Human Forward: AATTCACATGGTGCACAAGC
Reverse: AGACCGATCTCTTGGTCGAA
Sox17 Mouse Forward: AAGAAACCCTAAACACAAACAGCG
Reverse: TTTGTGGGAAGTGGGATCAAGAC
SP5 Mouse Forward: GGACAGGAAACTGGGTCGTA
Reverse: AATCGGGCCTAGCAAAAACT
SP5 Human Forward: ACTTTGCGCAGTACCAGAGC
Reverse: ACGTCTTCCCGTACACCTTG
Stk32b Mouse Forward: GTGCAGAAGCGAGACACAAA
Reverse: CTGTAGGTGGTAGCGCAGGT
Sucrose Isomaltase Mouse Forward: TTCAAGAAATCACAACATTCAATTTACCTAG
Reverse: CTAAAACTTTCTTTGACATTTGAGCAA
TMEMA47 Human Forward: TGCCATCATTCTCATTGCAT
Reverse: AACCCCAGTTGAACTCATGG
TNFRSF19 (Troy) Mouse Forward: GCTCAGGATGCTCAAAGGAC
Reverse: CCAGACACCAAGACTGCTCA
TNFRSF19 (TROY) Human Forward: CTATGGGGAGGATGCACAGT
Reverse: TCTCCACAAGGCACACACTC
Trpm Mouse Forward: GGCACACAGAGTGGACTTGA
Reverse: AAGCCACGAAAATCTGATCG
Ttn Mouse Forward: CCTGCCTCAGTGGAAGAGAC
Reverse: TTCTGGCTCTGGTTCCAGTT
Ubb Mouse Forward: ATGTGAAGGCCAAGATCCAG
Reverse: TAATAGCCACCCCTCAGACG
UBB Human Forward: GCTTTGTTGGGTGAGCTTGT

Reverse: TCACGAAGATCTGCATTTTGA
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List of primers and UPL probes used for qRT-PCR

Gene Organism Primer sequence (5" to 3") UPL probe number

MSX1 Human Forward: CTCGTCAAAGCCGAGAGC 70
Reverse: CGGTTCGTCTTGTGTTTGC

MSX2 Human Forward: TCGGAAAATTCAGAAGATGGA 70
Reverse: CAGGTGGTAGGGCTCATATGTC

SOX17 Human Forward: ACGCCGAGTTGAGCAAGA 61
Reverse: TCTGCCTCCTCCACGAAG

TBP Human Forward: GAACATCATGGATCAGAACAACA &7
Reverse: ATAGGGATTCCGGGAGTCAT

UBB Human Forward: TCACATTTTCGATGGTGTCACT 39
Reverse: TCACATTTTCGATGGTGTCACT

List of primers used for cDNA amplification for subsequent cloning into pBluescript KS II
vector (designed for synthesis of probes for in situ hybridization)

Gene Organism Primer sequence (5" to 3°)

Ascl? Mouse Forward: AGTGGATCCATGGAAGCACACCTTGACTG
Reverse: GAGGTCGACTCAGTAGCCCCCTAACCAAC

Olfm4  Mouse Forward: GCTATGGCCAAGGAGGTGGT
Reverse: TGCTCTGAATTCTTTCCTGCATC

Sox17  Mouse Forward: CGCTCTAGAATGAGCAGCCCGGATGCGGGA
Reverse: GAGGTCGACCTAGCATCTTGCTTAGCTCTG

List of oligos used for cloning into lentiCRISPR and pARv-RFP vectors

Gene Organism Primer sequence (5" to 3") Recipient plasmid

APC Human Forward: CACCGACTGCTGGAACTTCGCTCAC lentiCRISPR
Reverse: AAACGTGAGCGAAGTTCCAGCAGTC

APC Human Forward: CCTGTGAGCGAAGTTCCAGCAGTGTCCGAT pARv-RFP
Reverse: CGGACACTGCTGGAACTTCGCTCACAGG

MSXI Human Forward: CACCGAGGCGCTCATGGCCGACCAC lentiCRISPR#1
Reverse: AAACGTGGTCGGCCATGAGCGCCTC

MSXI Human Forward: CACCGCCCACCGAGAAATGGCCGAG lentiCRISPR#2
Reverse: AAACCTCGGCCATTTCTCGGTGGGC

MSXI Human Forward: TGGAGGCGCTCATGGCCGACCACAGGCGAT pARv-RFP

Reverse: CGCCTGTGGTCGGCCATGAGCGCCTCCA
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List of primers used for analysis of gene regulatory regions occupancy by MSX1

Gene Organism Primer sequence (5" to 3")

ASCL?2 Human Forward: GCCTGCTTTTGTATTGCCCA
Reverse: AGTTTCAGCCTCCCGAGTAG
ASCL?2 Human Forward: GACGGCTCAGATAGTGTGGA
Reverse: CACCACCAACACCTCTCTCT
SP5 Human Forward: CCCCCTTTGATCAGGAAAAT
Reverse: GCTTCAGGATCACCTCCAAG
SOX17 Human Forward: AGCTTCTTGGTGCGCTAGTC
Reverse: GGGGGAAACAACTTTCACAA

List of primers used for amplification of CRISPR-targeted sites from genomic DNA

Gene Organism Primer sequence (5" to 3")

MSX1 Human Forward: CACTACAGGAAGCTAGCTTCTTCCCGCAAGG
Reverse: GGCAAAGAAGTCATGTCAGCAGCCGGGGCC
MSX1 Human Forward: GGCTGGCCAGTGCTGCGGCAGAAGGG
Reverse: CACGCCATTGAAATCTGGCTGCTATTATGCCGAG

List of primers used for amplification of SP5 promoter element

Gene Organism Primer sequence (5" to 3°)

SP5 Human Forward: GCGGGTACCGCGAGGGTGCAGGGTGTGCAAGTAAA
Reverse: GCACGGAGTACCAGGAGAGA

List of primers used for amplification and mutation of Sox7 promoter element

Gene Organism Primer sequence (5" to 3")

Sox17 Mouse Forward: TCAAGATCTGAGGTAAAGTCCAGTCCTAAG
Reverse: TCTAAGCTTAGGCAAATTCTAATTCATCTG

Sox17 Mouse Forward: GGTAAATTCCCTCCTCTCTCCGTGGTCCAG

Reverse: AGAGAGGAGGGAATTTACCTCCGTGTTACC
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Table 3 | List of primary antibodies used in the study.

Name Source Clonality No. Manufacturer
a-tubulin rabbit  polyclonal kindly provided by L. Andera
APC mouse  monoclonal, clone FE9  OP44 Calbiochem
B-actin rabbit  polyclonal A2066 Sigma- Aldrich
[3-catenin rabbit ~ monoclonal #8480 Cell Signaling
GFP mouse  monoclonal JL-8 632381 Clontech

GFP rabbit  polyclonal ab290 Abcam
H3K27me3 mouse  monoclonal #9733 Cell Signaling
Lysozyme rabbit  polyclonal A0099 Dako

MSXI1 goat polyclonal AF5045 R&D Systems
Mucin 2 rabbit  polyclonal sc-15334 Santa Cruz
PCNA rabbit  polyclonal ab18197 Abcam

Sox17 rabbit  polyclonal ab83258 Abcam

Tef712 rabbit  monoclonal #2569 Cell Signaling
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4 Results

The results are divided into four main chapters. The first chapter deals with Msx1
responsiveness to Wnt/B-catenin signaling in the mouse intestinal epithelium and human
cell lines. In the second part, the Msx 1 function in the mouse intestines and its role in tumor
formation and morphology is described and an Msx1-dependent gene signature is
suggested. The third chapter is dedicated to MSX1 function in human colorectal cancer and
searching for MSX1-regulated genes. Finally, the last chapter describes function of the

Hicl tumor suppressor in mouse intestines.

4.1 Msx1 expression is activated by aberrant Wnt/p-catenin
signaling

In order to identify genes affected by Apc loss in mouse intestinal epithelial cells, we
performed gene expression profiling of the small intestinal and colonic crypts isolated from
ApcKOKO Villin-CreERT2 mice. The Apc™®9“K9 mice harbor conditional knock-out alleles
of'the Apc gene with exon 14 flanked by two /oxP sites. Cre-mediated recombination results
in the excision of the exon, which shifts the reading frame downstream from the deletion.
Subsequently, truncated and nonfunctional Apc protein is synthesized!®?. The Villin-
CreERT2 mice express the regulated Cre recombinase from the murine villin gene promoter
active in all intestinal epithelial cells. Consequently, tamoxifen-induced Cre activation in
ApcKO KO Villin-CreERT2 mice results in Apc depletion in the entire epithelium®. As early
as two days after Apc loss, massive expansion of the crypt compartment was visible in the
small intestine; the colonic epithelium was affected to a much lesser extent (Figure 15A).
To analyze the gene expression profile, RNA samples obtained from freshly isolated crypts
prior to and at day 2 and 4 after Apc loss were analyzed by DNA microarray hybridization.
Increased expression of a Wnt target gene and ISC marker tumor necrosis factor receptor
superfamily, member 19 (Tnfrsf19 alias Troy) was detected in the small intestine already at
day 2. Robust upregulation of other Wnt-responsive genes Lgr5, Ascl2, Axin2, and SP5 was
observed in both the small intestine and the colon at day 4. In accordance with previously
published data, Paneth-cell specific markers lysozyme 1 (Lyz/) and defensins (Defa6,
Defa26) were elevated in the colon 2 days after Apc inactivation®. The gene encoding
transcription factor msh homeobox 1 (Msx/) displayed robust upregulation in the small
intestine 4 days upon Apc inactivation; the change in expression was lower in the colon

[the binary logarithm of fold change (logFC) 0.77 vs. 3.53; Figure 15B]. A list of twenty-
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five small intestinal genes with the most changed (increased or decreased) expression (the

signicifance criteria: |logFC| > 1 and g-value < 0.05) 2 and 4 days after Apc inactivation

are given in Table 4 and Table 5, respectively. Analogously, differentially expressed genes

in the colon are listed in Table 6 and Table 7; for a complete list of differentially expressed

genes, see reference!'*. Results of the gene expression profiling were confirmed by

quantitative real-time polymerase chain reaction (QRT-PCR) analysis of mRNA produced

in the small intestinal and colonic crypts (Figure 15C, left and middle). Moreover, qRT-
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Figure 15 | Msx1 expression increases upon Apc inactivation in the mouse intestinal
epithelium. (A) Crypt hyperplasia in the Apc™“?“*° Villin-CreERT2 small intestine 2 and 4 days
after tamoxifen administration; control tissues were obtained prior to tamoxifen treatment.
Paraffin sections stained with hematoxylin (blue nuclear signal) at indicated timepoints after
tamoxifen treatment are shown. Red arrowheads indicate hyperproliferative crypts; scale bar:
0.15 mm. (B) Expression profiling of crypt cells isolated from Apc“?“®C Villin-CreERT2 mice
2 and 4 days after tamoxifen administration; control RNA was isolated from crypt cells with
intact Apc. A part of the heatmap is shown, displaying robust upregulation of the Msx/ gene
after Apc inactivation in the small intestinal and colonic crypts. Subset of genes meeting
significance criteria |logFC| > 1 and g-value < 0.05 and exhibiting the highest or lowest
expression after Apc inactivation is listed in Table 4 and Table 5 (small intestine) and in Table
6 and Table 7 (colon). A complete list of differentially expressed genes may be found in the
Supplementary materials attached to the reference!'*. (C) Quantitative RT-PCR analysis of
crypt cells isolated from Apc™®?“kC Villin-CreERT2 mice 4 days after tamoxifen administration
confirms a significant increase in the Msx/ mRNA expression levels in both tissues after Apc
inactivation; control RNA was isolated from animals treated with the solvent only. Similarly,
qRT-PCR analysis of Apc™®@“*C Villin-CreERT2 small intestinal organoids four days after 4-
hydroxytamoxifen (4-OHT) treatment displays Msx/ elevation. The diagrams show threshold
cycle (Ct) values normalized to fS-actin gene expression (Ct value of the f-actin gene was
arbitrarily set to 17 in this and other diagrams). Wnt-responsive genes Axin2, Nkdl, and Troy
are displayed; GAPDH was used as an additional houskeeping gene. RNA was obtained from
four control animals and four animals treated with tamoxifen; qRT-PCR reactions were run in
technical triplicates. The diagrams show representative results obtained from one animal. Error
bars indicate standard deviations (SDs); *, p < 0.05; **, p < 0.01.

PCR analysis was also performed using mRNA prepared from the ApcK9kO Villin-

CreERT?2 small intestinal organoids treated with 4-OHT or with the solvent as a control

(Figure 15C, right).
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Table 4 | Differentialy expressed genes (|logFC| > 1, g-value < 0.05) in the small intestinal
epithelium 2 days after Apc depletion. The table shows differentially expressed genes in
hyperplastic crypt cells isolated from Apc™“?“*° Villin-CreERT2 small intestine 2 days after
tamoxifen when compared to control tissue obtained prior to tamoxifen treatment. The

experiment was performed in four biological replicates.

ENTREZ SYMBOL

66214 1190002H23Rik

237038 Noxl
193740 Hspala
110454 Ly6a

26897 ILMN_223756

29820 Tnftsfl9
74186 Cede3
11459 Actal
11839 Areg
66141 Ifitm3

406217 ILMN_231589

226419 Dyrk3

406217 Bex4
15985 Cd79b
72821 Scn2b
26897 Acotl
73710 Tubb2b

53605 ILMN_214137

244886 A1118078
19703 Renbp

231327 Ppat
14859 Gsta3

68026 2810417H13Rik

71805 Nup93
320685 Dctd
67405 Nts
232409 Clec2e
20526 Slc2a2
109731 Maob
12013 Bachl
228775 Trib3
13370 Diol
56643 Slcl5al
19692 Regl

67082 170001 1H14Rik
70261 2010110P09Rik
17380 ILMN_220122

18604 Pdk2
230163 Aldob
64452 Slc5ada
17380 Mme
68947 Chst8
54150 Rdh7
71584 Gdpd2
13419 Dnasel
20526 Slc2a2
64454 Slc5a4b
54150 Rdh7
545156 Kalm

434203 ILMN_244381

GENENAME

RIKEN cDNA 1190002H23 gene

NADPH oxidase 1

heat shock protein 1A

lymphocyte antigen 6 complex, locus A

Mus musculus acyl-CoA thioesterase 1 (Acotl), mRNA.

tumor necrosis factor receptor superfamily, member 19
coiled-coil domain containing 3

actin, alpha 1, skeletal muscle

amphiregulin

interferon induced transmembrane protein 3

Mus musculus brain expressed gene 4 (Bex4), mRNA.
dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 3
brain expressed gene 4

CD79B antigen

sodium channel, voltage-gated, type II, beta

acyl-CoA thioesterase 1

tubulin, beta 2B

Mus musculus nucleosome assembly protein 1-like 1 (Nap11l), mRNA.
expressed sequence Al118078

renin binding protein

phosphoribosyl pyrophosphate amidotransferase

glutathione S-transferase, alpha 3

RIKEN cDNA 2810417H13 gene

nucleoporin 93

dCMP deaminase

neurotensin

C-type lectin domain family 2, member e

solute carrier family 2 (facilitated glucose transporter), member 2
monoamine oxidase B

BTB and CNC homology 1

tribbles homolog 3 (Drosophila)

deiodinase, iodothyronine, type I

solute carrier family 15 (oligopeptide transporter), member 1
regenerating islet-derived 1

RIKEN ¢cDNA 1700011H14 gene

RIKEN ¢cDNA 2010110P09 gene

Mus musculus membrane metallo endopeptidase (Mme), mRNA.
pyruvate dehydrogenase kinase, isoenzyme 2

aldolase B, fructose-bisphosphate

solute carrier family 5, member 4a

membrane metallo endopeptidase

carbohydrate (N-acetylgalactosamine 4-0) sulfotransferase 8
retinol dehydrogenase 7

glycerophosphodiester phosphodiesterase domain containing 2
deoxyribonuclease I

solute carrier family 2 (facilitated glicose transporter), member 2
solute carrier family 5 (neutral amino acid transporters, system A), member 4b
retinol dehydrogenase 7

kalirin, RhoGEF kinase

Mus musculus solute carrier family 28, member 1 (Slc28al), mRNA.
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logFC g-value

209 0,004
176 0,0071
1.61 0,045
1.51 0,012
149  0,0055
145 0,00033
143 2,00E-04
1.42 0,01
1.4 0,012
13 0,0038
128  7,00E-04
1.2 0,014
1.2 0,028
1.18 0,031
117 0,0052
117 0,0044
115 0,0017
114 0,013
114 0,0043
1.12 0,021
1.08  0,0019
1.08 0,018
1.06 0,018
1.05  0,0038
1.02 0,036
-1.33 0,01
-1.330,0044
-1.34  0,0058
-1.34 0,01
-1.34 0,031
-1.37  0,0019
2137 0,0042
1.4 0,029
2141 0,0058
-141  0,0058
2145 0,0058
15 0,012
-1.51  0,00019
-1.52 0,022
-1.54  0,0016
-1.62  0,0055
-1.66  0,0033
-1.68 2,00E-04
-1.71  2,10E-06
-1.75 0,028
-1.83 0,013
-1.89 3,50E-05
-1.94 2,00E-04
-1.94  0,00084
22,14 0,00046



Table 5 | Differentialy expressed genes (|logFC| >1, q-value < 0.05) in the small intestinal
epithelium 4 days after Apc depletion. The table shows differentially expressed genes in
hyperplastic crypt cells isolated from Apc™“?*° Villin-CreERT2 small intestine 4 days after
tamoxifen administration when compared to control tissue obtained prior to tamoxifen

treatment. The experiment was performed in four biological replicates.

ENTREZ SYMBOL
213948 Atg9b
74186 Ccdc3

66214 1190002H23Rik

17701 Msxl
110454 Ly6a
16010 Igfbp4

406217 ILMN_231589

66141 Ifitm3

18612 Etvd

16010 Igbp4
237038 Noxl

26897 ILMN_223756

29820 Tnfrsf19
406217 Bex4
73710 Tubb2b
18383 Tnfisfl 1b
26897 Acotl
94179 Krt23
14859 Gsta3

103551 E130012A19Rik

12505 Cd44
27279 Tnfisfl2a
16918 Mycll
13401 Dmwd
109731 Maob
20259 Scin
433470 AA467197
216225 Sic5a8
331063 Gsdme2
53315 Sultld1
11997 Akrlb7
68396 Nat8
54447 Asah2
237636 Npclll
238011 Enpp7
64454 SlcSa4b

331063 ILMN_196357

102294 Cyp4v3

107375 Slc25a45
11847 Arg2
20363 Seppl
59020 Pdzk1
20363 Seppl

238011 Enpp7
21810 Tgfbi
69983 Sis
11814 Apoc3

100045250 ILMN_196357

13419 Dnasel

GENENAME

ATG9 autophagy related 9 homolog B (S. cerevisiae)

coiled-coil domain containing 3

RIKEN c¢DNA 1190002H23 gene

homeobox, msh-like 1

lymphocyte antigen 6 complex, locus A

msulin-like growth factor binding protein 4

Mus musculus brain expressed gene 4 (Bex4), mRNA.

mterferon induced transmembrane protein 3

ets variant gene 4 (E1A enhancer binding protein, E1 AF)

msulin-like growth factor binding protein 4

NADPH oxidase 1

Mus musculus acyl-CoA thioesterase 1 (Acotl), mRNA.

tumor necrosis factor receptor superfamily, member 19

brain expressed gene 4

tubulin, beta 2B

tumor necrosis factor receptor superfamily, member 11b (osteoprotegerin)
acyl-CoA thioesterase 1

keratin 23

glutathione S-transferase, alpha 3

RIKEN ¢cDNA E130012A19 gene

CD44 antigen

tumor necrosis factor receptor superfamily, member 12a

v-myc myelocytomatosis viral oncogene homolog 1, lung carcinoma derived
dystrophia myotonica-containing WD repeat motif

monoamine oxidase B

scinderin

expressed sequence AA467197

solute carrier family 5 (iodide transporter), member 8

gasdermin C2

sulfotransferase family 1D, member 1

aldo-keto reductase family 1, member B7

N-acetyltransferase 8 (GCN5-related, putative)

N-acylsphingosine amidohydrolase 2

NPCl-like 1

ectonucleotide pyrophosphatase/phosphodiesterase 7

solute carrier family 5 (neutral amino acid transporters, system A), member 4b
Mus musculus expressed sequence AI987692 (A1987692), mRNA.
cytochrome P450, family 4, subfamily v, polypeptide 3

solute carrier family 25, member 45

arginase type Il

selenoprotein P, plasma, 1

PDZ domain containing 1

selenoprotein P, plasma, 1

ectonucleotide pyrophosphatase/phosphodiesterase 7

transforming growth factor, beta induced

sucrase isomaltase (alpha-glucosidase)

apolipoprotein C-II1

PREDICTED: Mus musculus hypothetical protein LOC100045250, misc RNA.
deoxyribonuclease I
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logFC q-value

4,12
3,91
3,69
3,53
3,52
3,48

3.4

3,1

3,1
3,09
3,06
3,06
2,95
2,81
2,66
2,63
2,61
2,53
2,51

2,5
2,49
2,47
2,39
2,37

23,76

3,77

3,78

-3,83

3,84

3,87

3,87

-3,97

4,03

4,12

4,14

4,18

422
43

4,36

437

4,52

4,52

-4,58

4,58

4,63

4,63

-5,08

5,14

5,97

9,00E-08
3,80E-11
4,90E-07
4,10E-11
1,90E-07
4,80E-09
4,30E-10
1,40E-08
8,90E-07
4,40E-07
1,80E-06
1,50E-07
2,10E-09
1,20E-06
6,30E-09
6,90E-08
4,30E-08
3,50E-07
4,90E-07
1,00E-06
4,10E-08
2,50E-05
3,10E-07
5,00E-09
2,30E-08
2,50E-08
4,80E-08
9,00E-08
5,70E-07
1,30E-08
1,40E-07
3,40E-08
4,10E-08
2,60E-07
2,50E-08
4,20E-11
1,40E-06
1,80E-06
1,00E-07
7,00E-08
1,10E-06
5,30E-05
5,40E-07
3,40E-08
2,30E-07
8,20E-06
4,40E-05
4,60E-07
2,30E-08



Table 6 | Differentialy expressed genes (JlogFC| > 1, q-value < 0.05) in the colonic
epithelium 2 days after Apc depletion. The table shows differentially expressed genes in the
hyperplastic colonic epithelium isolated from Apc“?“k? Villin-CreERT2 mice 2 days after
tamoxifen administration; control tissues were obtained prior to tamoxifen treatment. The
experiment was performed in four biological replicates.

ENTREZ SYMBOL GENENAME logFC q-value

626708 Defa26 defensin, alpha, 26 2.38 5,00E-04
13218 Defa-rsl defensin, alpha, related sequence 1 2.34 0,028
68009 ILMN 196346 Mus musculus defensin related cryptdin 20 (Defcr20), mRNA. 2.28 0,0037
13239 ILMN_196558 Mus musculus defensin related cryptdin 5 (DefcrS), mRNA. 2.11 0,026
68009 ILMN_196346  Mus musculus defensin related cryptdin 20 (Defcr20), mRNA. 2.01 0,0037
100044291 ILMN 221210 PREDICTED: Mus musculus hypothetical protein LOC100044291, mRNA.  1.99 0,016
17110 Lyzl lysozyme 1 1.88 0,0096
13216 ILMN 196581 Mus musculus defensin, alpha 1 (Defal), mRNA. 1.86 0,016
13240 Defa6 defensin, alpha, 6 1.82 0,031
17110 Lyzl lysozyme 1 1.63 0,028
17748 Mtl metallothionein 1 1.35 0,031
11551 ILMN 190996 Mus musculus adrenergic receptor, alpha 2a (Adra2a), mRNA. 1.28 0,026
23945 Mgll monoglyceride lipase 1.25 0,031
213391 Rasst4 Ras association (RalGDS/AF-6) domain family member 4 1.02 0,031
12231 Btnlal butyrophilin, subfamily 1, member Al -1.07 0,016
16987 ILMN 187484 Mus musculus lanosterol synthase (Lss), mRNA. -1.12 0,016
64177 Trpv6 transient receptor potential cation channel, subfamily V, member 6 -1.33 0,04
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Table 7 | Differentialy expressed genes (JlogFC| > 1, q-value < 0.05) in the colonic
epithelium 4 days after Apc depletion. The table shows differentially expressed genes in the
hyperplastic colonic epithelium isolated from Apc®“C Villin-CreERT2 mice 4 days after
tamoxifen administration; control tissues were obtained prior to tamoxifen treatment. The
experiment was performed in four biological replicates.

ENTREZ SYMBOL GENENAME logFC g-value
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12709,00 ILMN 193661 Mus musculus creatine kinase, brain (Ckb), mRNA. 3,86 2,50E-08
74186,00 Ccdc3 coiled-coil domain containing 3 3,17 6,40E-10
20568,00 Slpi secretory leukocyte peptidase inhibitor 3,09 0,00018
73710,00 Tubb2b tubulin, beta 2B 3,03 2,50E-09
17329,00 Cxcl9 chemokine (C-X-C motif) ligand 9 2,89 3,80E-05
66141,00 Ifitm3 interferon induced transmembrane protein 3 2,86 8,10E-08
15945,00 ILMN_253583  Mus musculus chemokine (C-X-C motif) ligand 10 (Cxcl10), mRNA. 2,7 0,0024
213948,00 Atg9b ATGO9 autophagy related 9 homolog B (S. cerevisiae) 2,58 1,90E-05
14969,00 H2-Ebl histocompatibility 2, class II antigen E beta 2,43 0,00014
14570,00 Arhgdig Rho GDP dissociation inhibitor (GDI) gamma 2,42 3,10E-07
15930,00 Idol indoleamine 2,3-dioxygenase 1 2,34 0,012
15937,00 Ier3 immediate early response 3 2,22 1,70E-07
16010,00 Igtbp4 insulin-like growth factor binding protein 4 2,21 1,30E-06
26897,00 ILMN 223756 Mus musculus acyl-CoA thioesterase 1 (Acotl), mRNA. 2,21 8,00E-06
19752,00 Rnasel ribonuclease, RNase A family, 1 (pancreatic) 2,19 2,60E-05
66214,00 1190002H23Rik RIKEN cDNA 1190002H23 gene 2,17 0,00017
100047619,00 ILMN_219663 PREDICTED: Mus musculus similar to solute carrier family 7, member 5, misc RNA. 2,16 9,20E-07
14160,00 Lgr5 leucine rich repeat containing G protein coupled receptor 5 2,13 2,40E-07
270152,00 Amical adhesion molecule, interacts with CXADR antigen 1 2,12 1,40E-06
14609,00 Gjal gap junction protein, alpha 1 1,99 5,50E-05
11459,00 Actal actin, alpha 1, skeletal muscle 1,99 4,90E-05
27280,00 Phida3 pleckstrin homology-like domain, family A, member 3 1,98 0,00039
17218,00 Mcm5 minichromosome maintenance deficient 5, cell division cycle 46 (S. cerevisiae) 1,97 2,80E-08
16145,00 Igtp interferon gamma induced GTPase 1,97 0,025
320685,00 Dctd dCMP deaminase 1,95 3,10E-05
109791,00 Clps colipase, pancreatic -2,37 2,50E-05
17287,00 Mepla meprin | alpha -2,41 0,00036
101488,00 Slco2bl solute carrier organic anion transporter family, member 2b1 -2,52 7,30E-05
109791,00 Clps colipase, pancreatic -2,57 4,60E-05
21818,00 Tgm3 transglutaminase 3, E polypeptide -2,58 4,20E-05
69083,00 Sultlc2 sulfotransferase family, cytosolic, 1C, member 2 -2,58 9,90E-08
67971,00 Tppp3 tubulin polymerization-promoting protein family member 3 -2,59 4,80E-07
53315,00 Sultld1 sulfotransferase family 1D, member 1 -2,63 1,60E-06
56185,00 Hao2 hydroxyacid oxidase 2 -2,67 7,10E-06
20887,00 Sultlal sulfotransferase family 1A, phenol-preferring, member 1 -2,7 2,00E-05
393082,00 ILMN 243966 Mus musculus methyltransferase like 7A2 (Mettl7a2), mRNA. -2,73 1,30E-09
545288,00 Cyp2c67 cytochrome P450, family 2, subfamily ¢, polypeptide 67 -2,77 4,40E-07
13615,00 Edn2 endothelin 2 -2,98 2,80E-05
22635,00 Zan zonadhesin -2,99 3,60E-08
233038,00 Ncerpl non-specific cytotoxic cell receptor protein 1 homolog (zebrafish) -3,11 2,10E-06
216225,00 Slc5a8 solute carrier family 5 (iodide transporter), member 8 -3,13 1,60E-06
219033,00 Ang4 angiogenin, ribonuclease A family, member 4 -3,25 6,70E-05
13107,00 Cyp2f2 cytochrome P450, family 2, subfamily f, polypeptide 2 -3,49 3,60E-08
18947,00 Pnliprp2 pancreatic lipase-related protein 2 -3,52 1,10E-05
232889,00 Pla2gdc phospholipase A2, group IVC (cytosolic, calcium-independent) -3,72 3,00E-04
331063,00 ILMN 196357 Mus musculus expressed sequence AI987692 (AI987692), mRNA. -4,02 4,50E-06
18947,00 Pnliprp2 pancreatic lipase-related protein 2 -4,18 2,40E-06
270328,00 ILMN 196360 Mus musculus gasdermin C3 (Gsdmc3), mRNA. -4,29 1,90E-07
331063,00 Gsdme2 gasdermin C2 -4,4 3,50E-07
100045250,00 ILMN 196357 PREDICTED: Mus musculus hypothetical protein LOC100045250, misc RNA. -4,5 3,70E-06



MSXI gene sensitivity to activation (or inhibition) of the Wnt pathway was tested in
cultured human cells. First, in human embryonic kidney (HEK293) cells, the Wnt signaling
pathway was activated by Wnt3a ligand or GSK3p inhibitor (2°Z,3’E)-6-bromoindirubin-
3’-oxime (BIO). Quantitative RT-PCR analysis revealed increased expression of Wnt target
genes including MSX1 and its paralog MSX2. However, when compared to other tested Wnt
target genes, MSX1 (and MSX2) expression was increased only moderately (in BIO-treated
cells) or not affected at all (in Wnt3a-stimulated cells; Figure 16).

HEK293 cells HEK293 cells

Wnt3a activation BIO activation Figure 16. MSXI gene responsiveness

3 - 18 to the Wnt pathway_ a_ctivation in
1 41 L HEK293 cells. Quantitative RT-PCR
T analysis of the MSXI expression level in
HEK?293 cells upon activation by Wnt3a
(left) or GSK3p inhibitor BIO (right).
The diagrams show relative gene
expression levels normalized to control
cells (gene expression levels were
arbitrarily set to 1). Control RNA samples
were obtained from cells treated with the
solvent only. PCR reactions were run in
triplicates; error bars indicate SDs.
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Next, the Wnt pathway was activated by disruption of the APC gene, correspondingly
to experiments performed in Apc-deficient mice. STF cells, which are HEK293 cells
harboring genome-integrated Wnt-responsive luciferase reporter “Super TOP-FLASH”*!!,
were used for the analysis. Two STF cell lines with different truncated forms of APC were
employed. STF cells with mutations in exon 10 were generated previously by using

372 Using

transcription activator-like effector nucleases (TALENs)-mediated DNA editing
the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) system, the mutational hotspot in exonl15 of the APC gene?"”
was targeted in STF cells, generating cells producing longer APC polypeptide (Figure 17A
and B). Both cell lineages displayed elevated levels of the Wnt signaling activity and
increased expression of tested Wnt target genes, including MSX/7 and MSX2, in comparison
to parental STF cells with intact APC (Figure 17C and D). On the other hand, small
interfering RNA (siRNA)-mediated depletion of B-catenin mRNA in human colorectal
cancer (CRC) cells SW480 and SW620 or in STF cells producing truncated APC protein

led to considerable decrease of the MSX/ and MSX2 mRNA levels (Figure 18).

80



A

PAM gRNA recognition site

wt APC cDNA 3941 GGTCAGCTGAAGATCCTGTGAGCGAAGTTCCAGCAGTGTCACAGCACCCTAGAAC 3995
targeted allele 1 GGTCAGCTGAAGATCCTGCGA----AGTTCCAGCAGTGTCACAGCACCCTAGAAC 3991
targeted allele 2 GGTCAGCTGAAGATC===== AGCGAAGTTCCAGCAGTGTCACAGCACCCTAGARC 3990
wt APC protein 1371 EDPVSEVPAVSQHPRTKSSRLOGSSLSSESARHKAVEFSSGAKSPSKSGAQTPKS
PPEHYVQETPLMFSRCTSVSSLDSFESRSIASSVQSEPCSGMVSG 1471
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Figure 17 | STF cells producing truncated APC protein exhibit increased Wnt signaling
and MSXI1 levels.

(A) DNA (top) and protein (bottom) sequences showing the CRISPR/Cas9-targeted region in
the APC locus (exon 15). Numbers indicate the positions in the translated portion of APC cDNA
or protein. The guide RNA (gRNA) recognition sequence and adjacent PAM sequence are in
bold and indicated by red line. The CRISPR/Cas9-mediated cut and subsequent repair of
genomic DNA by non-homologous end joining generated 4 and 5 nucleotides long deletions
(depicted in “targeted allele 1 and “targeted allele 2”) in the coding sequence, resulting in a
premature stop of translation. Amino acid residues translated upon the frameshift are shown in
red; asterisks indicate premature termini of the protein. (B) Western blotting of lysates obtained
from STF cells with an anti-APC antibody confirmed production of truncated APC protein in
cells harboring truncated APC alleles. An anti-a-tubulin antibody was used as a loading control.
(C) Luciferase reporter assay in STF cells harboring truncated 4PC alleles in exon 10 and 15
reveals increased Wnt pathway activity compared to STF cells with intact APC. Relative
luciferase units (RLU) indicate level of the luciferase activity normalized to cell number and
viability (measured by CellTiter-Blue® Cell Viability Assay). Samples were measured in
technical duplicates; experiment was performed in two replicates, representative results are
shown; error bars indicate SDs. (D) Quantitative RT-PCR analysis of STF cells harboring
truncated APC alleles in exon 10 and 15 reveals increased MSX1 expression relative to STF
cells with intact APC. The diagram shows relative gene expression levels (gene expression
levels in control cells were arbitrarily set to 1). PCR reactions were run in triplicates; experiment
was performed in two replicates, representative results are shown; error bars indicate SDs.
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Figure 18 | MSX1 expression increases in human cells producing truncated APC protein.
Quantitative RT-PCR analysis of human colorectal cancer cells SW480 and SW620 and STF
cells expressing truncated APC protein transfected with small interfering RNA (siRNA)
targeting f-catenin. The diagrams shows gene expression levels normalized to internal
housekeeping gene f-actin and relative to cells transfected with non-silencing siRNA (gene
expression levels in control cells were arbitrarily set to 1). PCR reactions were run in triplicates;
all experiments were performed in duplicates, representative results are shown; error bars

indicate SDs.
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4.2 The Msx1 function in the mouse intestines

To study Msxl protein expression in the mouse intestinal epithelium,
immunohistochemical staining of the small intestine and colon obtained from wild-type
mice was performed using anti-Msx1 antibody. However, Msx1 protein was not detected
in either tissue. Next, Msx/ expression was tested by qRT-PCR analysis of cells isolated
from LGR5-EGFP-IRES-CreERT2 small intestinal crypts. These mice carry a knock-in
allele expressing enhanced green fluorescent protein (EGFP) and regulated Cre
recombinase from the promoter of intestinal stem cell marker Lgr5'? (reviewed in'%). The
cells were stained with anti-CD24 (marker of cells residing at the crypt base), anti-CD45
(marker of leukocytes to exclude these cells from the analysis), and anti-EpCAM (marker
of epithelial cells) antibodies. CD45EpCAM" cells were sorted into three populations:
CD24"/GFP", CD24"/GFP" large cells and CD24"/GFP* small cells (Figure 19, left).
Quantitative RT-PCR analysis revealed elevated expression of stem cell markers Lgr5 and
Troy in CD24"/GFP"* small cells; on the other hand, CD24"/GFP" population exhibited
elevated expression of Paneth cells markers cryptidins and lysozyme. CD24"/GFP" large
“intermediate” cells retain some level of GFP protein, and therefore were gated as GFP™,
but don’t express Lgr5 and Troy at the same level as the population of CD24"/GFP" small

cells (Figure 19, right).
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Figure 19 | Msx1 is enriched in mouse intestinal stem cells. Lgr5-EGFP-IRES-CreERT?
small intestinal crypt cells were stained and FACS-sorted; CD45 EpCAM" fraction was sorted
into populations of CD24"/GFP-, CD24"/GFP" large and CD24"/GFP" small cells (left panel).
Quantitative RT-PCR analysis revealed Msx1 abndance in the CD24"/GFP* small cells (a
prospective stem cell) population. Additional stem and Paneth cell marers are displayed. PCR
reactions were run in triplicates; the experiment was performed three times, representative
results are shown; error bars indicate SDs.
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Msx1 marks ectopic crypts formed in the Apc-deficient small intestine

We further analyzed Msx1 localization in the intestinal epithelium of Apc?/ kO

Villin-CreERT2 mice by immunohistochemical staining at paraffin sections obtained from
tissues 2, 3, 4, and 7 days upon Apc inactivation. In order to avoid premature death of the
experimental mice, we lowered the tamoxifen dose to 1 mg/animal (i.e. 20 % of the amount
that was used for the expression profiling). Quite unexpectedly, we observed at day 2 very
rare nuclear Msx1 staining in the villi. Apparantly, these cells were not proliferating, as
there was no colocalization of the Msx1 signal with the proliferating cell nuclear antigen
(PCNA) staining. At day 3, Msx1-positive cells were more abundant and started to form
clusters in close proximity to the crypt-villus border. Interestingly, some of the clusters
contained proliferating cells. At day 4 and 7, the surface of the villi contained numerous
invaginations with aberrantly proliferating cells. Of note, not all proliferating cells
expressed Msx1. Interestingly, Msx 1 protein specifically marked the ectopic crypts but was

not detected in the hyperplastic crypt compartment (Figure 20).

A Apc™° Villin-CreERT2 mice

Msx1/ PCNA

day 2
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Figure 20 | Msx1 is expressed in the ectopic crypts formed on the small intestinal villi after
Apec loss. Immunohistochemical staining of Msx1 and PCNA in the Apc®®?“%© Villin-CreERT2
small intestine 2, 3, 4, and 7 days after tamoxifen administration. (A) Fluorescence microscopy
images show Msx1 (green) and PCNA (magenta) protein localizations. At day 2, very rare
Msx1-positive cells (indicated by white arrow) were detected in the villi. At day 3, Msx1-
positive cell clusters with proliferating cells were observed in the villi (see enlarged sections
no. 1 and 2). At day 4, pockets of proliferating (PCNA-positive) cells (i.e. ectopic crypts;
indicated by white arrowhead in the enlarged section no. 3), which frequently express Msxl1,
are formed on villi. Some PCNA-positive cells in the villi lack Msx1 staining (indicated by red
arrow in the enlarged section no. 4). The sections were counterstained with 4',6-diamidine-2'-
phenylindole dihydrochloride (DAPI; nuclear blue signal); scale bar: 0.15 mm. (B)
Immunohistochemical staining reveals numerous ectopic crypts containing Msx1- and PCNA-
positive cells (brown nuclear signal) at day 7. Note that the ectopic crypts have orthogonal
orientation to the “normal” crypt-villus axis (indicated by red arrowheads). At least four animals
were analyzed for each timepoint, representative images are shown. The sections were

counterstained with hematoxylin (blue nuclear signal); scale bar = 0.3 mm.

To verify the immunohistochemical staining, a mouse strain harboring the so-called
knock-out first Msx/ allele (a reporter-tagged insertion allele), was crossed with ApcK9eKO
Villin-CreERT?2 mice to obtain ApcKOKO Msx1714Z Villin-CreERT2 animals. These mice
have one “healthy” Msx/ allele and one knock-in allele with DNA sequence encoding
bacterial B-galactosidase (lacZ) gene downstream from the Msx/ promoter (i. e. these mice
are heretozygous for Msx/). The lacZ expression (simultaneously with Apc inactivation)

was induced by administration of tamoxifen. Mice were sacrificed after 7 days and lacZ

expression was visualized by X-Gal metabolite (Figure 21).
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Figure 21 | Analysis of the MsxI-LacZ strain.

(A) The diagram shows the knock-out first Msx/ (reporter) allele that was produced by the
Knockout Mouse Program (KOMP). The Msx! exons are shown as black boxes, flippase
recognition target (FRT) sites as green triangles, a lacZ expression reporter cassette by a blue
rectangle, Cre-recognition sites (loxP) as red triangles, and a neomycin resistance cassette by a
violet rectangle; SA, splice acceptor; pA, poly(A). The scheme was adopted from
https://www.komp.org/alleles. The scalebar indicates 1000 bp length. (B) Apc“OK0 Msx 1"
Villin-CreERT2 mice were sacrificed 7 days after administration of a single dose of tamoxifen
(1 mg per animal), control mice were administered with the solvent only. The /acZ expression
was visualized by the B-galactosidase activity on its substrate X-gal (blue); sections were
counterstained with nuclear fast red (pink). Three animals were used in the experiment,
representative images are shown; scale bar: 0.15 mm (or as indicated).

To analyze the ectopic crypts in more detail, expression of two Wnt-responsive
genes and intestinal stem cell markers Olfm4 and Ascl2 was evaluated by mRNA in situ
hybridization. Both transcripts exhibited a predicted pattern of staining in control tissue
according to previously published data’’’. Olfin4 mRNA was detected at the base of
“normal” crypts and throughout the hyperplastic crypt compartment at day 7, but not in the
ectopic crypts. On the other hand, 4sc/2 mRNA was present in “normal” crypts, slightly
decreased in the hyperplastic crypts, and upregulated in the ectopic crypts (Figure 22A).
To investigate characteristics of the ectopic crypts, Apc“?KO Villin-CreERT2 mouse small
intestinal epithelium was isolated 7 days after tamoxifen administration and dissociated to
single cell suspension. The cells were fixed, stained with anti-epithelial cell adhesion
molecule (EpCAM; marker of epithelial cells) and anti-Msx1 antibodies, and FACS sorted
to obtain epithelial Msx 1-positive (Msx1") and Msx1-negative (Msx 1) populations (Figure
2B, left). Quantitative RT-PCR analysis revealed increased expression of Wnt target genes
and stem cell markers Ascl2, Axin2, Lgr5, and SP5 in Msx 1" cells (Figure 22B, right). On
the other hand, Olfin4 expression was decreased in Msx1" cells, which is in compliance

with mRNA staining by in sifu hybridization (Figure 22A).

86


http://www.mousephenotype.org/about-ikmc/about-komp
http://www.mousephenotype.org/about-ikmc/about-komp
https://www.komp.org/alleles

A

Apc®“° Villin-CreERT2 mice
Olfm4 Ascl2

control

Eale SEg s et

g )

38 ] [ 1 Msx1™ cells
36 I Msx1* cells

:‘ % = : 32 il Fekek
o 30_ *% -
1 55
. g 28 - ek
y | Msxt’ - Msx1* © 26 _ Hokk
10" 24- ”i
f 220

Corpen e
0 1 2 3 4 O 94 H N » "3
10° 10 y ;21 10° 10 & FF AT L

Figure 22 | Ectopic crypts express Wnt target genes and intestinal stem cell markers.

(A) Detection of Olfin4 and Ascl2 transcripts in the crypt hyperplasia in ApcKC Villin-
CreERT?2 small intestine 7 days after tamoxifen administration; control tissues were obtained
from mice of the same genetic background prior to tamoxifen treatment. /n situ hybridization
of paraffin sections showed upregulated expression of Olfin4 and Ascl2 in the hyperplastic or
ectopic crypts, respectively. Scale bar: 0.3 mm. (B) Single cell suspension from the small
intestinal epithelium (EpCAM" cells) 7 days upon Apc depletion was stained with an anti-Msx 1
antibody and an Msx1 highly positive (+) or negative (-) population, respectively, was obtained
using FACS-sorting (left panel). Subsequent qRT-PCR analysis revealed upregulation of stem
cell signature (A4scl2, Lgr5) and Wnt signaling-regulated genes (Axin2, SP5) in Msxl-
expressing cells. The total RNA level was normalized to expression of internal housekeeping
gene f-actin that was arbitrarily set to 23; another housekeeping gene UBB is shown. Error bars
indicate SDs; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Msx1 is enriched in the Apc-deficient intestinal tumors

Next, we analyzed Msx1 expression in early intestinal lesions developed in
ApcKO KO [ op5  EGFP-IRES-CreERT2 mice. These mice enable tamoxifen-induced Apc
inactivation specifically in ISCs. Mice were sacrificed at several timepoints after tamoxifen
administration and the tissues were analyzed by immunohistochemical staining. Msx1-
positive cells were observed already at day 4 in proliferating enlarged small intestinal crypts
(Figure 23A). At later timepoints, Msx1-positive cells were present in (micro)adenomas.
Similarly to Apc“?k° Villin-CreERT2 mice, Msx1 was not detected in the “normal” crypt
compartment. Moreover, not all proliferating cells were stained by the MsxI-specific

A Apc™® Lgr5-EGFP-IRES-CreERT2 mice
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Figure 23 | Proliferating tumor cells are positive for Msx1.

Immunohistochemical staining of Msx1 and PCNA in Apc®?“kC [ gr5-EGFP-IRES-CreERT2
small intestine 4, 7, and 21 days after tamoxifen administration. (A) Immunohistochemical
staining reveals Msx1 and PCNA colocalization (brown nuclei) in enlarged crypts 4 days after
Apc loss (red arrowheads). The sections were counterstained with hematoxylin; scale bar: 0.15
mm. (B) Fluorescence microscopy images show Msx1 (green) and PCNA (red) protein
localizations 7 and 21 days upon Apc inactivation. The sections were counterstained with DAPI;
boxed areas are magnified in the insets; scale bar: 0.3 mm.
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antibody (Figure 23B). A similar pattern of Msx/ expression was observed in intestinal

tumors of Apc™”/Mm

mice. These mice carry a nonsense mutation in one Apc allele and
develop numerous intestinal tumors in adulthood®*. Msx1 protein was clearly detected in
upper parts of the small intestinal tumors and in colonic aberrant crypt foci (ACF), but not
in the crypts (Figure 24A). The pattern of Msx/ expression was verified by in situ
hybridization with an Msx/ antisense probe (Figure 24B). Finally, Msx/ abundance in
Apc™™in intestinal tumors was confirmed by qRT-PCR analysis. Of note, the analysis of
RNA isolated from multiple tumors isolated from three animals did not reveal any

correlation between the level of Msx/ expression and the tumor size or its position along

the anterior-posterior axis of the small intestine (Figure 24C).
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Figure 24 | Msx1 is enriched in tumors developed in Apc*”™ mouse.

(A) Immunohistochemical staining of Msx1 protein (brown nuclear signal) in two small
intestinal microadenomas and colonic aberrant crypt foci (red arrowheads). The sections were
counterstained with hematoxylin; scale bar: 0.15 mm. (B) /n situ hybridization of Msx! mRNA
(violet signal) in small intestinal and colonic tumors (red arrowheads). Scale bar: 0.3 mm. (C)
Quantitative RT-PCR analysis indicates a significant increase in the Msx/ expression levels in
the mouse small intestinal and colonic tumors isolated from 20 weeks old Apc™™" mice. The
Msx1 Ct values were normalized to f-actin gene expression (the fS-actin gene Ct value was
arbitrarily set to 17). The diagrams show Msx/ expression in tumor samples relative to the
control healthy mucosa (Msx/ expression in control tissue was arbitrarily set to 1). The tumor
size is indicated as S (small), M (medium), L (large); tumor position along the anterior-posterior
axis of the small intestine is indicated on thy Y axis by black arrow from anterior (A) to posterior
(P). The experiment was performed in technical triplicates; error bars indicate standard
deviations (SDs). In animal #3, no colonic tumor was detected.
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Msx1 deficiency changes morphology of the small intestinal tumors

As the whole-body knock-out of the Msx/ gene is neonatal lethal, mice harboring
conditional Msx! alleles (Msx1<9“K0) were further employed. Msx1€9K0 mice were
crossed with Villin-Cre mice, a strain which expresses constitutively active Cre
recombinase in all epithelial cells starting at embryonic day 12.5%°2. However, no
histological changes were seen in the small intestine and colon upon continuous Msx/
inactivation and neither did Msx1 loss affect morphology or growth of intestinal organoids
(Figure 25).

A day 1 . day 2

Figure 25 | Msx1 loss does not affect morphology or growth of small intestinal organoids.
Stereomicroscopic images of organoids derived from the small intestine of Msx1““?“*° Villin-
Cre (Msx1¥9%°) and Villin-Cre (Msx1"") mice. The images were taken 1, 2, 3, 4, 5, and 6 days
after crypts isolation (A) and 1, 2, and 3 days after first passage (B). Scale bar: 150 um.
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In order to investigate the Msx1 function in the intestinal epithelium under non-
homeostatic conditions, Msx1<?KO Villin-CreERT2 mice were generated. These mice
express more efficient, tamoxifen-activated Cre recombinase and enable Msx1 inactivation
throughout the entire intestinal epithelium. As mentioned above, Msx1 inactivation in
homeostatic conditions does not lead to any morphological changes; therefore two models
of intestinal tissue damage were applied. The Msx1€9“k° Vilin-CreERT2 mice were either
irradiated by sublethal X-ray doses?’? to deplete proliferating cells, or administered with

dextran sulfate sodium (DSS) in drinking water'?! to damage the epithelial layer. However,
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Figure 26 | Msx1 loss does not change regeneration or extent of tissue damage in the
intestinal epithelium upon dextran sulfate sodium (DSS) treatment or total body
irradiation. Immunohistochemical staining of PCNA in Msx1““%0 Villin-CreERT2 mice.
Mice were administered with a single dose of tamoxifen (Msx1X?%©) prior to DSS treatment or
irradiation to inactivate the Msx/ gene; control animals of the same genetic bacground (Msx ")
were administered with the solvent only. (A) DSS-induced acute colitis 2 and 5 days upon DSS
withdrawal. At day 9, the colonic epithelium was completely regenerated. (B) Animals were
exposed to a single dose of total body irradiation by 5 grays (Gy) and the small intestine was
harvested at indicated timepoints. Of note, at day 2, number of proliferating cells in the crypts
was reduced (red arrowheads) and at day 6, the epithelium was restored. Three animals of both
genotypes were used for the analysis; representative images are shown. Control tissues were
isolated before DSS treatment or irradiation. The sections were counterstained with
hematoxylin; scale bar: 0.15 mm.
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in both cases no differences regarding the epithelial regeneration or tissue damage were
observed between Msx-deficient and Msx 1-proficient epithelium (Figure 26).

We further analyzed mice harboring conditional alleles of both, the Msx1 and Apc
genes. ApcKOKO Msx [KOKO Villin-CreERT2 mice did not display any remarkable
differences compared to Apc“KO Villin-CreERT2 mice, except for the absence of Msx/
staining, by the day 4 after tamoxifen administration; however, at day 7, Msx1 loss resulted
in significant morphological change of the hyperplastic intestinal epithelium. Contrary to
ApcKOKO Msx 17" epithelium, the PCNA-positive proliferative compartment was prolonged
and reached to the top of villi (Figure 27A). Note that the ectopic crypts are not present in
Msx 1-deficient epithelium. Interestingly, Ascl2 expression was detected not only in the

hyperplastic or ectopic crypts, but in larger areas of the epithelial layer, often reaching to

A  Cre-expressing strain: Villin-CreERT2
day 4 da 5 day 6
: C . N Vs
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Figure 27 | Msx1 absence changes morphology of the Apc-deficient intestinal epithelium.
(A) Immunohistochemical staining of Msx1 and PCNA in Apc®?K° Villin-CreERT2 (ApcX9%?
Msx1™") and Apc™€O Msx 19950 Villin-CreERT2 CreERT2 (Apc?%C Msx1%°%°) small
intestine at indicated days after tamoxifen administration. As a result of Msx1 depletion, highly
proliferating (PCNA-positive) cells expand from the hyperplastic crypt compartment and reach
the top of the villi at day 7. Note that in Msx1-deficient epithelium the ectopic crypts are not
formed and that the gene recombination is not complete (groups of Msx1-positive proliferating
cells are detected on villi). The sections were counterstained with hematoxylin. (B) Detection
of mRNA encoding the stem cell marker Ascl2 in Apc™™@*C Msx1¥“KC Villin-CreERT2
(ApcX9%O Msx 159%9%) and Apc KO Villin-CreERT2 (Apc*?%° Msx1"") intestinal epithelium
using in situ hybridization; tissues were isolated 7 days after tamoxifen administration. While
in the ApcX%0 Msx1*"* epithelium the anti-sense Ascl2 probe stained only the hyperplastic and
ectopic crypts (black arowheads), in ApcX*° Msx15?%° mice the Ascl2 signal robustly expands
throughout the whole epithelium. Boxed area is magnified in the inset; scale bar: 0.3 mm.

the tips of the villi (Figure 27B). Increased proliferation was accompanied by loss of cell
differentiation, as evidenced by the absence of trimethylation of histone H3 at lysine 27
(H3K27me3), a specific marker of differentiated epithelial cells'’? (Figure 28). Similarly,
a decrease in the mRNA level and protein signal of lysozyme and mucin 2, markers of
Paneth and goblet cells, respectively, was observed in the Apc-/Msx1-double-deficient
epithelium in comparison to Apc-deficient epithelium (Figure 29).

Hyperproliferation of the crypt compartment upon Apc inactivation is accompanied

by decrease in the percentage of cells in the G1 phase of the cell cycle. To reveal possible

influence of Msx1 loss on the cell cycle progression, epithelial cells were isolated from the

small intestine obtained from Apc®OKO Villin-CreERT2 (ApcXP%C Msx17*) and

control Apc“"° Msx1™ Apc "® Msx1"°"°

H3K27me3/DAPI

Figure 28 | Decreased trimethylation of histone H3 at lysine 27 (H3K27me3) in the Apc-
/Msx1-double-deficient intestinal epithelium indicates reduced numbers of differentiated
cells. Immunohistochemical staining of H3K27me3 (green signal), a marker of differentiated
cells, in the Apc®@%C Villin-CreERT2 (Apc*?*° Msx1™"") and Apc™®? 50 Msx1€9°KC Villin-
CreERT2 (Apc*©™° Msx1¥°*%°) small intestine 7 days after tamoxifen administration; control
mice were administered with the solvent only. Note that the differentiated cells are in Apc™c?*<°
Misx 1°€9 KO illin-CreERT? epithelium positioned only at the tips of the villi (red arrowheads).
The sections were counterstained with DAPI; scale bar: 0.15 mm (control) and 0.3 mm
(ApcKOKO Msx I and ApcFOKO Mix IKOKO.
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Cre-expressing strain: Villin-CreERT2
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Figure 29 | Paneth and goblet cells diminish in the Msx1-deficient intestinal epithelium.
Apc®O KO Villin-CreERT2 (Apc®®%° Msx1™") and Apc™®OkC Msx 1Kk Villin-CreERT2
(Apc®OO Msx 159 °) mice were administered with a single dose of tamoxifen and sacrificed
after 7 days; control mice were administered with the solvent only. (A) Immunohistochemical
staining of lysozyme and mucin 2, markers of Paneth and goblet cells, respectively, on paraffin
sections obtained from the small intestines. Note that in control epithelium, lysozyme stains
only cells in the crypt base, whereas in the Apc-deficient epithelium, lysosyme-positive cells
are present throughout the hyperplastic crypt compartment and in the Apc-/Msx1-double-
deficient epithelium also in the villi (black arrowheads). Contrary, mucin 2-positive cells
diminish in the Apc-deficient and Apc-/Msx1-double-deficient epithelium (red arrowheads).
Three mice of each genotype were analysed, representative images are shown. The sections
were counterstained with hematoxylin; scale bar: 0.3 mm. (B) The diagram shows expression
in the Apc®?%° Msx 1" and Apc®?*C Msx 1°9%© small intestine relative to wild-type tissue (the
gene expression level in control mice was arbitrarily set to 1). The qRT-PCR reactions were run
in technical triplicates.

ApcKOKO N ox [KOKO illin-CreERT2 (ApcXP%0 Msx 1X9X°) mice 7 days after tamoxifen
administration. The cells were fixed and stained with propidium iodide (PI) solution and
the cell cycle was analyzed by flow cytometer. However, we did not observe any difference
between Msx1-deficient and Msx1-proficient cells (Figure 30).

Inasmuch as the loss of Msx1 has changed the morphology of the intestinal
epithelium, the effect of Msx1 loss on the life span of Apc-deficient mice was subsequently
investigated. Apc K9KO Villin-CreERT2 (Apc®?%C Msx17*) and ApcXOkO Msx |KO/KO
Villin-CreERT2 (ApcX9%O Msx1X¥9%0) mice were administered with a single dose of

tamoxifen and their survival was monitored. Mice with the inactivated Apc gene usually
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Figure 30 | Msx1 depletion does not change the percentage representation of Apc-deficient
intestinal epithelial cells in individual cell cycle phases.

Apc KO Villin-CreERT2 (Apc**° Msx1*") and Apc™OKC Msx1¥%¢ Apc®O Villin-
CreERT2 (Apc®P%C Msx 1) and Apc™®OKC Msx 1°K9K0 Villin-Cre ERT2 (Apc*O%C Msx 1X9%0)
mice 7 days after tamoxifen administration “° Villin-CreERT2 (Apc*?*° Msx 1¥°%©) mice were
sacrificed 7 days after tamoxifen administration (1 mg per animal) and epithelial cells from the
small intestine were isolated, fixed, and stained with propodium iodide (PI) solution. The
diagram shows percentage of cells in the indicated cell cycle phases measured by flow
cytometer. Two animals from each genotype were tested, control mice were administered with
the solvent only. The experiment was performed twice, representative results are shown.

die within one week after tamoxifen administration due to the dysfunction of the intestinal
tissue. To enable measurement over a longer period of time, the tamoxifen dose was
lowered to 0.3 mg per animal, which prolonged the life span of the experimental animals.
Indeed, the ApcXPKO Msx 1590 mice started to die several days later than the Apc-deficient
mice and the median of their survival time was higher than in ApcX9%° Msx1** mice (13
and 11 days, respectively). Nevertheless, the difference in survival rates was not

statistically significant (Figure 31).

Cre-expressing strain: Villin-CreERT2 Figure 31 | Msx1 loss prolongs

life span of Apc-deficient mice.
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Next, we analyzed the effect of Msx/ gene silencing in ApcKOKO sy ]KOCKO

LGR5-EGFP -IRES-CreERT2 mice. Msx1 loss pronouncedly changed the appearance of
intestinal tumors; while the Msx1-proficient adenomas displayed a typical tubular
morphology. Msx1-deficient adenomas exhibited villus-like morphology (Figure 32). As
these mice survive only several weeks after tamoxifen administration, Apc ™M™ Msx ]KO<KO
Villin-Cre mice were utilized to study more advanced tumors. To investigate differences in
gene expression between Msx1-deficient and Msx1-proficient intestinal adenomas, RNA
samples from tumors obtained from 20 weeks old Apc™™" Msx 1K KO Villin-Cre mice
were analyzed. However, the differences in mRNA levels were negligible.

In order to explain the mechanism behind observed morphological changes,
microarray analysis of RNA from small intestinal epithelial cells isolated from ApcK9<KO
Msx1K9%K0 Villin-CreERT2 and Apc®9“KO Villin-CreERT2 7 days upon tamoxifen
administration was performed. The difference in gene expression between Msx1-deficient

and Msx1-proficient epithelial cells was insignificant; the significance criterium q-value <

0.05 was never reached. Nevertheless, a small set of differentially expressed genes with

Cre-expressing strain: Lgr5-EGFP-IRES-CreERT2

Figure 32 | Msx1 absence changes morphology of intestinal tumors. Immunohistochemical
staining of Msx1 and PCNA in Apc*?*© Lgr5-EGFP-IRES-CreERT2 (Apc*®*° Msx1"*) and
ApcKOKO pfox [KOKO [ or5 - EGFP-IRES-CreERT2 (Apc* %0 Msx159%9) small intestine 21
days after tamoxifen administration. Whereas the lesions in Apc™?“*° display the tubular
phenotype, the lesions in ApcO k0 Msx1°K9“KO are transformed to predominantly villous
morphology. The histological analysis of tumors was performed using samples obtained from
ten animals (five for each genotype), representative images are shown. Sections were
counterstained with hematoxylin; boxed area is magnified in the inset; scale bar: 0.3 mm.
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significance criteria |FC| > 2 and p-value < 0.05 was identified (incuding Sox/7) and
subsequently analyzed using the online tool Enrichr!'?® 13! (list of twenty genes with the
most increased or decreased expression is given in Table 8; for a complete list of
differentially expressed genes, see reference!!*). However, the analysis did not reveal any
biological process, signaling pathway, or molecular mechanism that could be involved in
the observed phenotype. Quantitative RT-PCR analysis of selected Wnt target genes and

markers of intestinal cell populations was performed. The analysis revealed a slight

Table 8 | Differentialy expressed genes (|logFC| > 1; p < 0.05) in the small intestinal Msx1
wild-type and Msx1-deficient hyperplastic epithelium.

The table shows differentially expressed genes in hyperplastic crypt cells isolated from
ApcEOKO Mgx 1°KOK0 Villin-CreERT2 small intestine 7 days after tamoxifen administration (1
mg per animal); control tissues were obtained prior to tamoxifen treatment. The experiment was
performed in four biological replicates.

ENTREZ SYMBOL GENENAME logFC p-value
170942 Erdrl erythroid differentiation regulator 1 3,52 2,00E-04
57742 Abhdl abhydrolase domain containing 1 2,93 4,10E-05
57742 Abhdl abhydrolase domain containing 1 2,84 5,60E-05
434794 Mus musculus X-linked lymphocyte-regulated 4A (XlIr4a), mRNA. 2,81  0,0083
11746 Anxa4 annexin A4 2,77 0,066
57742 Abhdl abhydrolase domain containing 1 2,26 0,00068
68337 Crip2 cysteine rich protein 2 2,19 6,90E-05
223227 Sox21 SRY (sex determining region Y)-box 21 2,1 0,0098
20249 Scdl stearoyl-Coenzyme A desaturase 1 2,03 0,001
15122 Mus musculus hemoglobin alpha, adult chain 1 (Hba-al), mRNA. 1,92 0,19
19652 Rbm3 RNA binding motif protein 3 1,88 0,0014
14733 Gpcl glypican 1 1,88 0,018
406217 Bex4 brain expressed X-linked 4 1,79 0,014
14472 Gbx2 gastrulation brain homeobox 2 1,78 0,019
223227 Sox21 SRY (sex determining region Y)-box 21 1,77 0,014
20350 Sema3f  sema domain, immunoglobulin domain (Ig), short basic domain, secreted, (semaphorin) 3F 1,67 0,014
192212 Prom2 prominin 2 1,65 0,048
69195 Tmeml21 transmembrane protein 121 1,64 0,14
64293 Stk32b serine/threonine kinase 32B 1,64 0,00092
23962 Oasl2 2'-5' oligoadenylate synthetase-like 2 1,57  0,0045
192236 Hpsl Hermansky-Pudlak syndrome 1 -2,05 0,00082
54150 Rdh7 retinol dehydrogenase 7 -2,08 0,033
233549 Mogat2  monoacylglycerol O-acyltransferase 2 -2,12 0,0023
69710 Arapl ArfGAP with RhoGAP domain, ankyrin repeat and PH domain 1 -2,12 0,0015
11522 Adhl alcohol dehydrogenase 1 (class I) -2,13 0,012
56018 Stard10 START domain containing 10 -2,14  0,0017
12780 Abcc2 ATP-binding cassette, sub-family C (CFTR/MRP), member 2 -2,18  0,0059
54150 Rdh7 retinol dehydrogenase 7 -2,23 0,032
56388 Cyp3a25 cytochrome P450, family 3, subfamily a, polypeptide 25 -2,4 0,034
11522 Adhl alcohol dehydrogenase 1 (class I) -2,44  0,0073
17921 Myo7a myosin VIIA -2,54  0,0032
13112 Cyp3all cytochrome P450, family 3, subfamily a, polypeptide 11 -2,82 0,065
17701 Msxl msh homeobox 1 -3,05 0,064
233549 Mogat2 ~ monoacylglycerol O-acyltransferase 2 -3,14  0,0037
233571 P2ry6 pyrimidinergic receptor P2Y, G-protein coupled, 6 -3,31 0,00024
18479 Pakl p21 protein (Cdc42/Rac)-activated kinase 1 -34 0,003
68185 Coa4 cytochrome ¢ oxidase assembly factor 4 -3,44 8,00E-04
52443 Mrpl48 mitochondrial ribosomal protein L48 -3,56  0,0018
52443 Mrp48 mitochondrial ribosomal protein L48 -3,77  0,0016
27050 Rps3 ribosomal protein S3 -6,14  0,0025
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increase in expression of the Wnt target genes Ascl2, Axin2, Lgr5, Olfm4, and SP5 in Msx1-
deficient cells compared to Msx 1-proficient cells. On the other hand, expression of sucrose
isomaltase (S7) and chromogranin A (CHGA), genes encoding markers of enterocytes and
enteroendocrine cells, respectively, decreased (Figure 33). These observations further
support our hypothesis that Msx1 loss leads to decreased differentiation of intestinal
epithelial cells.

Subsequently, Msx1 expression and function was analyzed also in the colon.
Analogically to the small intestinal epithelium, Msx1 mRNA and protein was not observed
in the colon at physiological conditions. However, seven days after tamoxifen-induced Apc
inactivation, Msx 1 protein was detected in the upper parts of the hyperplastic crypts in the
Apc KO KO Villin-CreERT2 (ApcX?%C Msx17/*) colon. Although the recombination efficacy
of the conditional Apc alleles along in the colon was similar to the small intestine (the

conclusion was based on the magnitude of the colon crypt hyperplasia), the Msx1 staining
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Figure 33 | Expression of cell differentiation markers decreases in Apc-/Msx1-double-

deficient small intestine. Quantitative RT-PCR analysis in Apc™?*C Villin-CreERT2
(Apc®O Msx 1) and ApcKOKO Msx 1°KKO Villin-CreERT2 (Apc®%° Msx1¥9%°) small
intestine 7 days after tamoxifen administration; control samples were obtained from mice that
were administered with the solvent only. Ct values were normalized to S-actin gene expression;
CHGA, chromogranin A; SI, sucrose isomaltase. The diagram shows expression in Apc<?%?
Msx1™* and ApcX?%0 Msx159%© cells relative to wild-type cells (the gene expression level in
control mice was arbitrarily set to 1). RNA samples obtained from three tamoxifen-treated mice
of both strains and four control animals were analyzed; qRT-PCR reactions were run in

technical triplicates; error bars indicate SDs. The fold change in Apc*?%° Msx1*"* Koko

and Apc
Msx 15 mice in comparison to control mice was in the Msx/ mRNA levels 12337.82 and
1114.82, respectively, and in the Msx2 mRNA levels 1523.82 and 1543.41. These results were

not included in the diagrams due to the high values.
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protiferating cells in the upper part of the crypts. Moreover, the absence of goblet cells
marker mucin 2, indicated a loss of cell differentiation in both the Msx1-proficient and the
Msxl-deficient epithelium (Figure 34).

In order to identify genes affected by Msx1 loss, expression profiling of epithelial
cells isolated from proximal third of Apc-/Msx1-double deficient, Apc-deficient, and
control colon was performed. Quite expectedly, expression of many genes differed
significantly between control and Msx-deficient or Apc-/Msx1-double-deficient cells
(Table 9). However, only the gene encoding serine/threonine kinase 32B (Stk32b) exhibited

significantly different expression between Msx 1-proficient and Msx 1-deficient cells.

Cre-expressing strain: Villin-CreERT2
Msx1 PCNA mucin 2

Figure 34 | Loss of Msx1 reduces cell differentiation in Apc-deficient colon.
Immunohistochemical staining of Msx1, PCNA, and mucin 2 (Muc2) in Apc®?“kC Villin-
CreERT2 (Apc*?%° Msx1*"") and Apc™®*KC Msx1¥9KC Villin-CreERT2 (Apc**C Misx 1XO%©)
colon 7 days after tamoxifen administration; control animals were administered with the solvent
only. Of note, PCNA staining was lost in upper crypt portions in the Apc®?KO Mgx [KOKO
colon epithelium. Nevertheless, the expression of goblet cells marker mucin 2 was reduced
independently of the Msx1 status. Three animals of each genotype were analyzed,
representative images are shown. The sections were counterstained with hematoxylin; boxed
areas are magnified in the insets; scale bar: 0.15 mm.
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Table 9 | Differentialy expressed genes (|logFC| > 0.8) in the Apc-/Msx1-double-deficient
colon mucosa when compared to Apc-deficient colon mucosa with intact Msx1.
The table shows differentially expressed genes in colon epithelium isolated from Apc

Msx1°€9%K0 Villin-CreERT2 mice 7 days after tamoxifen administration (1 mg per animal);
ApcO KO Villin-Cre ERT2 mice were used as a control. The experiment was performed in four

biological replicates.

cKO/cKO

PROBE ID

ENSMUST00000094836
ENSMUST00000103399
ENSMUST00000197560
ENSMUST00000177591
ENSMUST00000177671
ENSMUST00000178789
ENSMUST00000179483
ENSMUST00000180251
ENSMUST00000044159
ENSMUST00000179077
ENSMUST00000100692
ENSMUST00000163970
ENSMUST00000196706
ENSMUST00000211636
ENSMUST00000144418
ENSMUST00000172766
ENSMUST00000113512
ENSMUST00000113513
ENSMUST00000113514
ENSMUST00000113515
ENSMUST00000187005
ENSMUST00000203150
ENSMUST00000172486
ENSMUST00000135885
ENSMUST00000186702
ENSMUST00000131920
ENSMUST00000171262
ENSMUST00000186394
ENSMUST00000103483
ENSMUST00000185329
ENSMUST00000040361
ENSMUST00000136987
ENSMUST00000144697
ENSMUST00000153129
ENSMUST00000103350
ENSMUST00000137290
ENSMUST00000169797
ENSMUST00000155275
ENSMUST00000162154
ENSMUST00000161947
ENSMUST00000190151
ENSMUST00000172478
ENSMUST00000174076
ENSMUST00000174305
ENSMUST00000149336
ENSMUST00000194041
ENSMUST00000213557
ENSMUST00000015576
ENSMUST00000207685
ENSMUST00000204277
ENSMUST00000201736
ENSMUST00000135355
ENSMUST00000142251
ENSMUST00000195849
ENSMUST00000202984
ENSMUST00000022836
ENSMUST00000176196
ENSMUST00000177093
ENSMUST00000141085
ENSMUST00000095450
ENSMUST00000164454
ENSMUST00000186166
ENSMUST00000195095
ENSMUST00000168044
ENSMUST00000189541
ENSMUST00000172308
ENSMUST00000190082
ENSMUST00000148715
ENSMUST00000191403
ENSMUST00000103323

ENSEMBL ID

ENSMUSG00000029123
ENSMUSG00000076598
ENSMUSG00000076598
ENSMUSG00000096768
ENSMUSG00000096768
ENSMUSG00000095562
ENSMUSG00000096768
ENSMUSG00000095562
ENSMUSG00000060807
ENSMUSG00000096768
ENSMUSG00000095528
ENSMUSG00000095528
ENSMUSG00000027869
ENSMUSG00000040640
ENSMUSG00000028469
ENSMUSG00000050423
ENSMUSG00000073643
ENSMUSG00000073643
ENSMUSG00000073643
ENSMUSG00000073643
ENSMUSG00000073643
ENSMUSG00000030361
ENSMUSG00000015222
ENSMUSG00000029095
ENSMUSG00000041460
ENSMUSG00000023267
ENSMUSG00000006711
ENSMUSG00000074109
ENSMUSG00000076674
ENSMUSG00000025932
ENSMUSG00000039347
ENSMUSG00000043587
ENSMUSG00000026999
ENSMUSG00000028047
ENSMUSG00000076549
ENSMUSG00000031698
ENSMUSG00000037849
ENSMUSG00000021596
ENSMUSG00000022148
ENSMUSG00000022148
ENSMUSG00000021209
ENSMUSG00000074369
ENSMUSG00000074369
ENSMUSG00000074369
ENSMUSG00000029651
ENSMUSG00000026587
ENSMUSG00000071317
ENSMUSG00000022226
ENSMUSG00000035177
ENSMUSG00000039347
ENSMUSG00000094719
ENSMUSG00000021645
ENSMUSG00000051747
ENSMUSG00000034837
ENSMUSG00000006641
ENSMUSG00000022227
ENSMUSG00000032595
ENSMUSG00000032595
ENSMUSG00000041216
ENSMUSG00000071178
ENSMUSG00000071178
ENSMUSG00000071178
ENSMUSG00000104098
ENSMUSG00000043557
ENSMUSG00000016918
ENSMUSG00000072731
ENSMUSG00000026246
ENSMUSG00000009246
ENSMUSG00000099826
ENSMUSG00000076522

SYMBOL
Stk32b
Igkv3-7
Igkv3-7
Erdrl
Erdrl
Gm21887
Erdrl
Gm21887
Serpina6
Erdrl
Gml10375
Gml10375
Hsd3b6
Erc2
Npr2
Ppplr3g
Wdfyl
Wdfyl
Wdfyl
Wdfyl
Wdfyl
Klrbla
Map2
Ablim2
Cacna2d4
Gabrr2
D130043K22Rik
Mrgprx2
Ighv3-8
Eyal
Atp6v0e2
Pxylp1
Nup35
Thbs3
Igkv4-68
Mylk3
1fi206
Mctpl
Fyb

Fyb
Ppp4rd
Obox2
Obox2
Obox2
Mtus2
Astnl
Bves
Mcpt2
Nlp2
Atp6v0e2
Gm5108
Smnl

Ttn

Gnatl
Slc5a6
Mcptl
Cdhr4
Cdhr4
Clvsl
Serpinalb
Serpinalb
Serpinalb
AA619741
Mdgal
Sulfl
Gm3715
Alppl2
Trpm5
Scgb2b10
Igkv16-104

GENENAME

serine/threonine kinase 32B

immunoglobulin kappa variable 3-7

immunoglobulin kappa variable 3-7

erythroid differentiation regulator 1

erythroid differentiation regulator 1

predicted gene, 21887

erythroid differentiation regulator 1

predicted gene, 21887

serine (or cysteine) peptidase inhibitor, clade A, member 6
erythroid differentiation regulator 1

predicted gene 10375

predicted gene 10375

hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 6
ELKS/RABG6-interacting/CAST family member 2

natriuretic peptide receptor 2

protein phosphatase 1, regulatory (inhibitor) subunit 3G

WD repeat and FYVE domain containing 1

‘WD repeat and FYVE domain containing 1

‘WD repeat and FYVE domain containing 1

WD repeat and FYVE domain containing 1

‘WD repeat and FYVE domain containing 1

killer cell lectin-like receptor subfamily B member 1A
microtubule-associated protein 2

actin-binding LIM protein 2

calcium channel, voltage-dependent, alpha 2/delta subunit 4
gamma-aminobutyric acid (GABA) C receptor, subunit rho 2
RIKEN c¢DNA D130043K22 gene

MAS-related GPR, member X2

immunoglobulin heavy variable V3-8

EYA transcriptional coactivator and phosphatase 1

ATPase, H+ transporting, lysosomal VO subunit E2
2-phosphoxylose phosphatase 1

nucleoporin 35

thrombospondin 3

immunoglobulin kappa variable 4-68

myosin light chain kinase 3

interferon activated gene 206

multiple C2 domains, transmembrane 1

FYN binding protein

FYN binding protein

protein phosphatase 4, regulatory subunit 4

oocyte specific homeobox 2

oocyte specific homeobox 2

oocyte specific homeobox 2

microtubule associated tumor suppressor candidate 2
astrotactin 1

blood vessel epicardial substance

mast cell protease 2

NLR family, pyrin domain containing 2

ATPase, H+ transporting, lysosomal VO subunit E2
predicted gene 5108

survival motor neuron 1

titin

guanine nucleotide binding protein, alpha transducing 1

solute carrier family 5 (sodium-dependent vitamin transporter), member 6
mast cell protease 1

cadherin-related family member 4

cadherin-related family member 4

clavesin 1

serine (or cysteine) preptidase inhibitor, clade A, member 1B
serine (or cysteine) preptidase inhibitor, clade A, member 1B
serine (or cysteine) preptidase inhibitor, clade A, member 1B
expressed sequence AA619741

MAM domain containing glycosylphosphatidylinositol anchor 1
sulfatase 1

predicted gene 3715

alkaline phosphatase, placental-like 2

transient receptor potential cation channel, subfamily M, member 5
secretoglobin, family 2B, member 10

immunoglobulin kappa variable 16-104
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logFC

p-value g-value

2.06e+00 3.70e-09 0.000314

1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1

9.86e-01
9.84e-01
9.79e-01
9.68e-01
9.67e-01
9.65e-01
9.63¢-01
9.62e-01
9.49¢-01
9.39-01
9.37e-01
9.29¢-01
9.08e-01
8.92¢-01
8.92e-01
8.92e-01
8.84e-01
8.62e-01
8.61e-01
8.59¢-01
8.50e-01
8.50e-01
8.48e-01
8.46e-01
8.43e-01
8.41e-01
8.29¢-01
8.28e-01
8.25¢-01
8.25¢-01
8.23e-01
8.20e-01
8.20e-01
8.20e-01
8.18e-01
8.15¢-01
8.13e-01
8.08e-01
8.08e-01
8.06e-01
8.04e-01
8.00e-01

94e+00 8.93e-04 1.000000
.94e+00 8.93¢-04 1.000000
48e+00 2.43e-02 1.000000
.44e+00 2.60e-02 1.000000
.37e+00 2.73e-02 1.000000
.37e+00 2.73e-02 1.000000
.37e+00 2.73e-02 1.000000
.36e+00 1.54e-04 1.000000
.34e+00 2.64e-02 1.000000
.16e+00 3.12e-02 1.000000
.16e+00 3.12¢-02 1.000000
15e+00 4.68e-04 1.000000
15e+00 8.61e-04 1.000000
15e+00 1.48e-02 1.000000
13e+00 5.97e-03 1.000000
.12e+00 3.83e-03 1.000000
.12e+00 3.83e-03 1.000000
.12e+00 3.83e-03 1.000000
.12e+00 3.83e-03 1.000000
.08e+00 3.73e-03 1.000000
.06e+00 4.21e-02 1.000000
.05e+00 8.34e-03 1.000000
.04e+00 1.43e-04 1.000000
.03e+00 5.87e-03 1.000000
.03e+00 3.48¢-02 1.000000
.01e+00 1.44e-02 1.000000
.00e+00 8.34e-03 1.000000
3.05e-01 1.000000
4.82e-02 1.000000
5.14e-03 1.000000
9.28e-04 1.000000
1.95e-02 1.000000
4.39¢-02 1.000000
1.02e-02 1.000000
1.37e-02 1.000000
7.66e-02 1.000000
6.10e-03 1.000000
1.19¢-02 1.000000
7.54e-03 1.000000
7.42¢-03 1.000000
1.01e-02 1.000000
1.01e-02 1.000000
1.01e-02 1.000000
5.44e-03 1.000000
1.16e-04 1.000000
1.04¢-02 1.000000
7.10e-04 1.000000
6.82¢-04 1.000000
3.72¢-03 1.000000
1.46¢-03 1.000000
4.36e-02 1.000000
8.03e-02 1.000000
2.01e-02 1.000000
1.50e-02 1.000000
1.36e-02 1.000000
1.70e-02 1.000000
1.70e-02 1.000000
3.49¢-02 1.000000
2.66¢-02 1.000000
2.66e-02 1.000000
2.66e-02 1.000000
3.66e-02 1.000000
2.99¢-04 1.000000
1.79¢-02 1.000000
3.60e-03 1.000000
1.82e-02 1.000000
4.03e-02 1.000000
1.00e-01 1.000000
1.14e-01 1.000000



Quantitative RT-PCR analysis also showed that only Msx/ and Stk32B expression
levels significantly changed due to the Msx/ gene inactivation (Figure 35). The gene
encoding SRY-related HMG box transcription factor 17 (Sox17) was previously described
as the Wnt target gene® and a regulator of the canonical Wnt signaling®*> *?®. The qRT-
PCR analysis revealed elevated Sox/7 mRNA levels in Apc-/Msx1-double-deficient
epithelial cells in comparison to Apc-deficient cells (Figure 36A). Sox/7 mRNA expression
was evaluated by in situ hybridization at sections obtained from ApcKOeKO pfgx JeKO/KO
Villin-CreERT2 and Apc P KO Msx 1°KOKO [ o5 EGFP-IRES-CreERT2 mice sacrificed 7
and 14 days upon tamoxifen administration, respectively. In ApcK9KO Mx [KOKO Vijfin-
CreERT2 mice, SoxI7 mRNA was distinctly present in the villi (red arrowheads) and

displayed a much stronger signal than in Apc®9“KO Villin-CreERT2. In ApcKO/KO
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Figure 35 | Gene expression profiling analysis of the Apc-deficient and Apc-/Msx1-double-
deficient colon epithelium.

Total RNA was isolated from epithelial cells isolated from proximal colon of Apc*?“%C Villin-
CreERT2 (Apc*?%C Msx1*") and Apc™ @ *C Msx1°“O"© Villin-CreERT2 (Apc*™*° Msx 1X°%©)
mice 7 days after tamoxifen administration; control samples were obtained from animals that
were administered with the solvent only. (A) Results of the DNA microarray analysis for Msx/
gene expression. The boxed areas correspond to the second and third quartiles; the range of the
values is given by “whiskers” above and below each box; the median is indicated by the
crossline. (B) Quantitative RT-PCR analysis of selected genes from the expression profiling
analysis confirmes significantly increased expression of the Stk32B gene. The diagram shows
expression in Apc*?%C Msx1™* and ApcX%C Msx 199 cells relative to wild-type cells (the
gene expression level in control mice was arbitrarily set to 1). The fold change in Apc*?*°
Msx1*"* and Apc9%C Msx 1¥9C mice in comparison to control mice was in the Msx/ mRNA
levels 862.66 and 76.74, respectively, and in the Msx2 mRNA levels 840.45 and 1344.64. These
results were not included in the diagrams due to the high values. The qRT-PCR reactions were
run in technical triplicates; error bars indicate SDs; ***, p < 0.001.
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Figure 36 | Analysis of SoxI7 expression in mouse intestinal epithelial cells.

(A) Quantitative RT-PCR analysis of Sox/7 expression in the Apc®?“ Y Villin-CreERT2
(Apc®%O Msx1™) and ApcKOKO Msx 1°KOKC Villin-CreERT2 (ApcO%C Msx159%°) small
intestine 7 days after tamoxifen administration; control samples were obtained from mice that
were administered with the solvent only. Ct values were normalized to S-actin gene expression;
RNA samples were obtained from three animals of all genotypes; qRT-PCR reactions were run
in technical triplicates; error bars indicate SDs; *, p < 0.05; ***, p < 0.001. (B) Detection of
Sox17 transcript in crypt hyperplasia and early adenomas developed in the Apc*?%C Msx1**
and Apc®?%0 Msx 1% epithelium using in situ hybridization; tissues were isolated 7 or 14
days after tamoxifen administration, respectively. In the Villin-CreERT2 strain, anti-SoxI7
probe stained pouches of cells on villi (red arrowheads). In the Lgr5-CreERT? strain, the signal
was detected in adenomas. Scale bar: 0.3 mm. (C) Quantitative RT-PCR analysis revealed
significantly increased expression of Sox/7 in Msx1-positive (ectopic crypt) cells isolated from
Apc® k0 Villin-CreERT2 small intestinal epithelium 7 days upon Apc depletion. The total
RNA level was normalized to expression of internal housekeeping gene f-actin that was
arbitrarily set to 23. Error bars indicate SDs; *, p < 0.05.

Msx 19K KO [ oy 5 EGFP-IRES-CreERT? intestines the Sox/7 mRNA was clearly detected

in (villous) adenomas and weakly in the (tubular) adenomas of ApcK9 KO [.or5-EGFP-
IRES-CreERT? (Figure 36B). Finally, Sox/7 mRNA levels were significantly increased in
Msx 1-positive epithelial cells obtained from the Apc®% KO Villin-CreERT2 small intestinal
epithelium 7 days upon tamoxifen administration (i. e. in ectopic crypt cells; Figure 36C).
The previous study suggested that Sox17 promotes degradation of B-catenin and Tcf43>,
Since the Sox17 increase was observed in Apc-/Msx1-double deficient intestines, we also
tested whether the amount of B-catenin and Tcf4 proteins were altered. However, no
significant changes in the B-catenin and Tcf4 protein levels or distribution were observed

(Figure 37).
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Figure 37 | Analysis of B-catenin and Tcf4 expression in Msx1-deficient small intestine.
Immunohistochemical stainig of B-catenin and Tcf4 proteins in crypt hyperplasia and early
adenomas developed in Apc*?%° Msx1** and Apc*P%C Msx 1X°%© epithelium 7 or 14 days upon
tamoxifen administration (1 mg per animal), respectively; Villin- and Lgr5- drivers were used
for CreERT2 expression. No difference in the staining was observed between Msx1-deficient
and Msx1-proficient tissue. Three animals of each genotype were analyzed; representative
images are shown. The sections were counterstained with hematoxylin; scale bar: 0.3 mm.
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4.3 The MSXI1 function in human colorectal cancer

MSXI expression in human tissues was ascertained using the BioGPS portal. Gene
expression analysis revealed that in human tissues, MSX1/ is predominantly espressed in

samples obtained from colorectal adenocarcinoma (Figure 38). To verify this finding
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Figure 38 | MSX1 is abundant in human colorectal adenocarcinoma.

Gene expression profiling of 79 human tissues provided by the BioGPS portal (dataset:
GeneAtlas U133 A, gcrma; probeset: 205932 s at). The diagram shows MSX1 gene expression
in human tissues with a remarkable abundance in colorectal adenocarcinomas.
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http://biogps.org/dataset/GSE1133/

obtained from publically available dataset, we collected RNA samples isolated from human
colorectal neoplasia specimens and matching healthy mucosa. Quantitative RT-PCR
analysis revealed increased MSXI mRNA levels in all stages of intestinal neoplasia tested.
However, MSX1 displayed the highest upregulation in adenomas with low grade dysplasia
and the mRNA levels exhibited decreasing tendency with progression to more advanced
neoplastic stages (Figure 39A). Histological analysis of mouse tumors arising from Msx1-
deficient cells display altered morphology at later stages of development reminding more
progressed villous adenomas. In humans, such morphological conversion of colorectal
neoplasia indicates tumor progression associated with elevated risk of malignancy.
Therefore MSXI expression was further analyzed in colorectal tumors with tubular,
tubulovillous or villous morphology. However, no correlation between tumor morphology

and the MSX1 expression levels was observed (Figure 39B).
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Figure 39 | MSX1 expression is abundant in human colorectal tumors.

Quantitative RT-PCR analysis of MSX/ mRNA in samples obtained from human colorectal
neoplasia specimens. The samples were divided into categories based on the tumor grade (A)
or tumor histology (B) as follows: (A) healthy tissue (ctrl), hyperplastic adenomas (HYP; n =
9), adenomas displaying low-grade dysplasia (LGD; n = 27) or high-grade dysplasia (HGD; n
= 24), and colorectal carcinoma (CRC; n = 12); (B) tubular (n = 20), tubulovillous (n=31), and
villous (n = 3). The amounts of RNA in individual isolates were normalized to the geometric
average of Ct values of housekeeping genes UBB and f2-microglobulin. The boxed areas
correspond to the second and third quartiles; the median of ACt values for each group of samples
is indicated as the black square. The range of the values is given by “whiskers” above and below
each box; outliers are indicated by black triangles. The significance between the MSX7 mRNA
level and neoplasia progression is demonstrated by the Spearman (p = 0.63) and Kendall (t =
0.47) coefficient values; ***, p < 0.001.
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Generation and analysis of MSX1-deficient CRC cells

In order to select suitable cells for following experiments, MSX1 expression was
tested in several human cell lines. The highest level of MSX/ mRNA was detected in
SW480 and SW620 cells; moreover, MSX1 in these cells also displayed a distinct protein
staining using western blot (Figure 40). Note that SW480 cells were derived from a primary

tumor and SW620 from a lymph node metastasis of the same patient!*°.
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Figure 40 | MSX1 expression in human cells. (A) Quantitative RT-PCR analysis of MSX/
expression in RNA samples obtained from human embryonic kidney cells (HEK293) and
human CRC cell lines HT29, LS174T, RKO, SW480, and SW620. The diagram shows total
RNA levels normalized to expression of internal housekeeping gene fS-actin that was arbitrarily
set to 17. The qRT-PCR reactions were run in technical triplicates; error bars indicate SDs. (B)
Western blotting of lysates obtained from HEK293 and indicated human CRC cells with anti-
MSX1 antibody confirmed production of MSX1 protein in SW480 and SW620 cells. Anti-a-
tubulin antibody was used as a loading control.

To examine MSXI1 function in human CRC cells, MSX! gene was disrupted in
SW620 cells using the CRISPR/Cas9-mediated gene targeting. Two sites in the exon 1
were targeted with different guide RNAs (gRNAs), control cells were transduced with a
lentiCRISPR vector encoding no gRNA (Figure 41A). Quantitative RT-PCR analysis
confirmed MSXI loss and a negligible upregulation of MSX2 in MSX1-deficient cells. As

it was previously reported that MSX1 can regulate the Wnt signaling levels?33: 362

, several
Wnt target genes were included in the analysis. Whereas TNFRSF19 (alias TROY)

expression remained unchanged, other Wnt target genes ASCL2 and AXIN2 exhibited

107



elevated mRNA expression levels in MSX1-deficient cells (Figure 41B). Western blot

analysis confirmed decrease in MSX1 protein levels in individual clones (Figure 41C).

4860076 gRNA#1 recognition site ~ PAM 4860131
MSX1 exon 1 GCCCTTCAGCGTGGAGGCGCTCATGGCCGACCACAGGAAGCCGGGGGCCAAGGAG
4860225 PAM  gRNA#2 recognition site 4860280
MSX1 exon 1 CCTCTTCGCCGCGGCCGCTCGGCCATTTCTCGGTGGGGGGACTCCTCARAGCTGCC
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Figure 41 | Generation and analysis of SW620 cells with the disrupted MSX1 gene.

(A) DNA sequences display guide RNA (gRNA) recognition sites (in bold) in the first exon of
the MSX1 gene; PAM sequence is overlined. The numbers above sequences indicate nucleotide
positions in the human genome assembly GRCh38:CM000666.2. (B) Quantitative RT-PCR
analysis of RNA obtained from SW620 single cell clones harboring truncated MSXI gene
(“knock-out”; n = 9) confirms significant downregulation of MSX7 mRNA; control samples
were obtained from cells with intact MSX1 (“wild-type” n = 3). The diagram shows average
values of total RNA levels in MSX! wild-type and knock-out cell clones normalized to
expression of internal housekeeping gene S-actin (arbitrarily set to 17). The qRT-PCR reactions
were run in technical triplicates; error bars indicate SDs; **, p < 0.01, *** p < 0.001. (C)
Western blotting of lysates obtained from MSX] wild-type and knock-out cell clones with an
anti-MSX1 antibody indicates decreas of the MSX1 protein amount. Four different cell clones
are shown for both gRNAs (i.e. CRISPR#1 and CRISPR#2). An anti-a-tubulin antibody was
used as a loading control.

The MSX1-deficient clones were viable and appeared to grow in culture slightly
faster than the control clones. To test whether MSX7 downregulation affected the cell cycle
progression, SW620 wild-type (control) cells and cells harboring MSX/ truncations
(CRISPR#1 and CRISPR#2) were fixed and stained with propidium iodide (PI) solution
and the cell cycle was analyzed by flow cytometer (Figure 42A). In addition, a viability
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assay was performed to measure the proliferation of individual cell clones (Figure 42B).
However, in both analyses MSX1-deficient clones did not exhibit change in cell cycle
progression or proliferation rate. As previously published studies reported that MSX1 can

regulate epithelial-mesenchymal transition!2? 29% 303

, which is a process closely associated
with changes in cellular movement, we next analyzed the ability of individual clones to
repair a scratch in a confluent cell layer (i.e. the “wound healing assay”). Individual clones
displayed slight differences in size of the “healed area”, however, there was no significant
difference between MSX1-deficient and control cells (Figure 42C). Finally, the clones were
subcutaneously injected into the Ilumbar back area of immunodeficient
NOD/SCID/GAMMA (NSG) mice to test their capabilities to grow as xenografts. The mice
were sacrificed four weeks after injection and tumors were weighed, embedded in paraffin,
and sections were analyzed by immunohistochemical staining. However, no differences in
the tumor size were observed (Figure 42D, E). Moreover, MSX1-deficient tumors did not

exhibit altered staining for a Ki-67 proliferating cells marker or p21 cell cycle inhibitor

(Figure 43).
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Figure 42 | MSX1-deficient SW620 cell clones do not display an altered proliferation rate
or capacity to form xenograft. (A) SW480 and SW620 cells harboring truncations in the MSX/
gene were isolated, fixed, and stained with propodium iodide (PI) solution. The diagram shows
percentage of cells in cell cycle phases measured by flow cytometer. The experiment was
performed twice, representative results are shown. (B) Cell viability assay performed on MSX1-
deficient cell clones does not reveal any differences in the proliferation rate compared to wild-
type cells. The diagram shows relative fluorescence intensity of the alamarBlue metabolic
product. The measurements were performed in technical triplicates and average values of
fluorescent intensity at indicated timepoints were normalized to day 0. The experiment was
performed twice, representative results are shown. (C) The wound healing assay does not reveal
any differences between MSX1-deficient (n = 3) and wild-type (n = 2) cell clones in terms of
migration. The diagram shows percentage of the scraped area that was regrown (“healed”) 22
hours after the scrape was created. The experiment was performed in six technical replicates
(the boxes includes 12 and 18 values, respectively). The boxed areas correspond to the second
and third quartiles; the median and mean value is indicated by a crossline or an empty square,
respectively. The range of the values is given by “whiskers” above and below each box. (D)
MSX1-deficient (n = 3) and wild-type (n = 3) cell clones were subcutaneously injected in the
lumbar back area of NOD/SCID/GAMMA (NSG) mice (1x107 cells in 100 ul PBS per animal),
3 animals were used for each cell clone. Mice were sacrificed after 28 days, the tumors were
resected and weighed. The experiment was performed twice, the diagram shows tumor weights
combined from both experiments. The boxed areas correspond to the second and third quartiles;
the median and mean value is indicated by a crossline or an empty square, respectively. The
range of the values is given by “whiskers” above and below each box. (E) Macroscopic pictures
of resected tumors derived from wild-tyxpe of MSX1 knock-out (CRISPR#1 and CRISPR#2)
SW620 cell clones; representative images are shown.
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Figure 43 | MSX1-deficient tumors grown as xenografts do not display altered histology.
Tumors derived from wild-type SW620 single cell clones (n = 3) and clones harboring
truncations in the MSXI! gene (n = 3) were embedded in paraffin and sectiones were
immunohistochemically stained. Ki-67 and p21 proteins were detected using corresponding
antibodies (brown signal); MSX1 protein was detected only in tumors derived from wild-type
SW620 cells. Representative images are shown. The sections were counterstained with

hematoxylin; scale bar: 0.3 mm.
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Expression profiling of MSX1-deficient CRC cells

In order to identify MSX1-regulated genes in CRC cells, we performed expression
profiling of MSX1-deficient SW620 cells. The profiling revealed 202 genes (including
ASCL?2 and SP5) with significantly altered expression compared to control cells with intact
MSXT; list of twenty genes with the most increased or decreased expression and fulfilling
the signicifance criteria [logFC| > 1 and g-value < 0.05 in MSX1-deficient SW620 cells is

given in Table 10 (for a complete list of differentially expressed genes, see reference!').

Table 10 | Differentialy expressed genes (JlogFC| > 1; q-value < 0.05) in SW620 cells with
the disrupted MSXI gene compared to SW620 cells with intact MSX].

111

ENTREZ SYMBOL GENENAME logFC p-value
25984 KRT23 keratin 23, type 1 499 3.4e-08
3860 KRT13 keratin 13, type I 4,12 3.6e-05
11009 1L.24 nterleukin 24 3,65 9.7¢-07
430 ASCL2 achaete-scute family bHLH transcription factor 2 3,51 7.6e-07
2706 GIB2 gap junction protein, beta 2, 26kDa 3,27 4.4e-07
79083 MLPH melanophilin 3,11 3.2¢-05
9289 ADGRGI1 adhesion G protein-coupled receptor G1 3,05 2.3e-07
54923 LIMEI Lck interacting transmembrane adaptor 1 3,01 0,00
54843 SYTL2 synaptotagmin-like 2 2,99 0,00
1473 CST5 cystatin D 2,93 5.1e-05
4923 NTSR1 neurotensin receptor 1 (high affinity) 2,87 0,00
56937 PMEPAL1 prostate transmembrane protein, androgen induced 1 2,80 3.8e-05
80206 FHOD3 formin homology 2 domain containing 3 2,77 6.8e-06
9289 ADGRGL1 adhesion G protein-coupled receptor G1 2,71 3.7¢-06
4843 NOS2 nitric oxide synthase 2, inducible 2,65 2.2e-08
8771 Homo sapiens tumor necrosis factor receptor superfamily, member 6b, decoy 2,64 3.5e-05
8771 Homo sapiens tumor necrosis factor receptor superfamily, member 6b, decoy 2,63 1.3e-05
56937 PMEPAL1 prostate transmembrane protein, androgen induced 1 2,60 2.9e-05
4071 TM4SF1 transmembrane 4 L six family member 1 2,44 7.1e-05
124056 NOXO1 NADPH oxidase organizer 1 2,44 3.9e-05
55244 SLC47A1 solute carrier family 47 (multidrug and toxin extrusion), member 1 -1,66 9.2e-05
5159 PDGFRB platelet-derived growth factor receptor, beta polypeptide -1,66 2.6e-05
343990 KIAAI211L  KIAA1211-like -1,66 2.7¢-06
30846 EHD2 EH-domain containing 2 -1,66 3.4e-05
343990 KIAAI211L  KIAA1211-like -1,68 2.7¢-07
2192 FBLNI1 fibulin 1 -1,74 0,00
162494 RHBDL3 rhomboid, veinlet-like 3 (Drosophila) -1,76 5.2e-05
146850 PIK3R6 phosphoinositide-3-kinase, regulatory subunit 6 -1,85 0,00
641700 ECSCR endothelial cell surface expressed chemotaxis and apoptosis regulator -1,86 0,00
3689 ITGB2 integrin, beta 2 (complement component 3 receptor 3 and 4 subunit) -1,89 9.6e-05
6448 SGSH N-sulfoglucosamine sulfohydrolase -1,93 4.7¢-06
5654 HTRA1 HtrA serine peptidase 1 -1,93 0,00
5138 PDE2A phosphodiesterase 2A, cGMP-stimulated -2,09 0,00
3851 KRT4 keratin 4, type 11 -2,15 0,00
946 SIGLEC6 sialic acid binding Ig-like lectin 6 -2,37 1.3e-06
6280 S100A9 S100 calcium binding protein A9 -2,40 0,00
2018 EMX2 empty spiracles homeobox 2 -2,58 0,00
2018 EMX2 empty spiracles homeobox 2 -2,76 0,00
1277 COL1A1 collagen, type I, alpha 1 -2,87 0,00
24141 LAMPS lysosomal-associated membrane protein family, member 5 -2,90 2.1e-07



Subsequent analysis using the online tool Enrichr!'?® '8! did not reveal any biological
process, signaling pathway, or molecular mechanism typical for the MSX1-deficient cells.
However, we identified an overlap between our set of 202 genes and a set of 162 B-catenin-
activated genes in SW480 cells identified by anti-B-CATENIN chromatin
immunoprecipitation (ChIP)-sequencing (ChIP-seq)*?. Interestingly, all overlapping genes

were upregulated in MSX1-deficient cells (Figure 44).
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Figure 44 | Analysis of MSX1-deficient SW620 cells.

Quantitative RT-PCR analysis of total RNA samples obtained from SW620 cell clones
harboring truncations in the MSX/ gene (n = 4) and wild-type cell clones (n = 4). The diagram
shows Ct values normalized to expression of the internal housekeeping gene f-actin (Ct value
was arbitrarily set to 17). Genes identified by Watanabe and colleagues*® are depicted in red.
The qRT-PCR reactions were run in technical triplicates; error bars indicate SDs; *, p < 0.05,
** p<0.01. ABHD12B, Abhydrolase Domain Containing 12B; CDX2, Caudal Type Homeobox
2; CTSZ, Cathepsin Z; DEPDC7, DEP Domain Containing 7, ENTPDS, Ectonucleoside
Triphosphate Diphosphohydrolase 8; KRT23, Keratin 23; RASL10B, RAS Like Family 10
Member B; RASL11B, RAS Like Family 11 Member B; SORBS2, Sorbin And SH3 Domain
Containing 2; SP5, Sp5 Transcription Factor, TMEMA47, Transmembrane Protein 47.
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The gene encoding transcription factor ASCL2 displayed robust upregulation in
MSX1-deficient cells. In the mouse intestines, Ascl2 synergistically with B-catenin/Tcf4
complexes regulates expression of genes fundamental to the intestinal stem cell identity.
To test whether MSX1 directly binds ASCL?2 regulatory regions, we performed a chromatin
immunoprecipitation (ChIP) of chromatin isolated from SW620 cells. As commertionally
available antibodies were not suitable for MSX1 immunoprecipitation, we used the
CRISPR/Cas9-mediated gene targeting to insert the EGFP encoding sequence to the 5° end
of the MSXI locus (Figure 45) and generated cells endogenously expressing the N-
terminally tagged EGFP-MSX1 fusion protein. Anti-EGFP antibodies were used to
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Figure 45 | Generation and analysis of SW620 cells harboring a modified MSXI allele
producing EGFP-MSX1 fusion protein.

(A) The diagram shows CRISPR/Cas9-based genome editing of the MSX/ locus; exons are
depicted by black boxes, untranslated regions at 5’ and 3’ end of exon 1 and 2 are indicated as
white boxes. CRISPR-Cas9 recognizes and cleaves a specific sequence in the first exon of the
gene (magenta asterisk). The affected locus is repaired by homologous recombination using an
exogenous template carrying a portion of the MSX/ gene including the enhanced GFP (EGFP)
sequence (green box). CRISPR-Cas9 recognition site in the exogenous template was wobbled
(empty magenta asterisk) to prevent its cleavage. Primary screen of clones for presence of the
EGFP sequence was done by PCR analysis of genomic DNA using internal EGFP primers
originally designed for qRT-PCR (not shown in the diagram). Correct targeting (at both ends of
the template) was verified by sequencing of PCR products amplified from genomic DNA using
two primer pairs: P1 and P2, P3 and P4. Primer positions are depicted by black arrows; one
primer from each set (P1 and P4) primes in a sequence that is not present in the exogenous
template. (B) Fluorescent immunocytochemical staining with anti-GFP antibody (green)
visualized nuclear localization of endogenously produced EGFP-MSX1 fusion protein in
SW620 cells. Cells were counterstained with DAPI nuclear stain (blue). Magnification: 1000 x.
(C) Western blotting of SW620 and SW620/EGFP-MSX1 cell lysates with anti-GFP antibody
confirmed endogenous production of EGFP-MSX1 fusion protein. (D) Western blotting with
an anti-GFP antibody of SW620/EGFP-MSXI1 cell lysate used for immunoprecipitation by
GPF-Trap beads, i.e. input (left), supernatant from beads after incubation with the lysate
(middle), and precipitate retained on beads (right). Anti-B-actin antibody was used as a loading

immunoprecipitate EGFP-MSX1 fusion protein crosslinked to the sonicated chromatin
fragments. Quantitative RT-PCR analysis was performed to analyse changes in levels of
DNA fragments containing putative MSX1-binding sites that we identified in the ASCL2
promoter sequence. However, the analysis did not reveal any MSX1 binding sites in the
ASCL?2 regulatory region (Figure 46A, C).

A similar analysis was performed to identify MSX1-binding sites in the regulatory
region of the SP5 gene. Previous publications suggested a presence of B-catenin/TCF4

336,490 and our analysis of the SP5

recognition sites in the SP5 promoter in human CRC cells
promoter identified several putative MSX1 binding sites. However, the ChIP and following
gRT-PCR analysis did not indicate MSX1 binding to the SP5 promoter (Figure 46B,C) and
luciferase reporter assay did not reveal MSX1-dependent regulation of SP5 (Figure 46D).
Subsequently, the regulatory region of the gene encoding Sox/7 was analyzed. The
Sox17 mRNA levels were robustly upregulated in Apc-/Msx1-double-deficient mouse
intestinal epithelial cells and detected in the mouse small intestinal tumors (Figure 36).
Additionally, previous studies reported that Sox/7 is expressed in the intestinal epithelium
and functions antagonistically to the B-catenin/TCF complexes®*°. To test responsiveness

of the Sox17 promoter region to MSX1 transcription factor, a 478 bp long DNA sequence

including two MSX1 binding sites in close proximity to the promoter was PCR-amplified
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Figure 46 | ChiP analysis of the ASCL2 and SP5 regulatory regions.

(A) The diagram shows potential MSX1 binding sites (pink boxes) in the ASCL2 locus; exons
and untranslated regions are depicted by filled or empty boxes, respectively. The sequences of
consensus MSX1 binding sites are shown, nucleotides surrounding the MSX1 binding core not
matching the consensus sequence are indicated by lowercase letters. The ChIP analysis was
performed using indicated primer pairs; primer positions are depicted by black arrows. The
numbers above the diagram indicate nucleotide positions in the human genome assembly
GRCh38:CM000673.2. (B) The sequence of the SP5 gene regulatory region with B-catenin
binding peak (in bold) that was identified by Watanabe and colleagues by integrative ChIP-
seq/microarray analysis in colon cancer cells*®. TCF/B-catenin and MSX1 binding sites are
depicted in magenta and blue, respectively; MSX1 ChIP primers are indicated by green lines;
transcription start site is indicated by a red arrow; initiation codon is highlighted in yellow. The
sequence maps to nucleotides 170,714,781-170,715,617 on chromosome 4 in human GRCh38
coordinates. (C) Crosslinked and sonicated chromatin obtained from SW620 wild-type and
EGFP-MSX1 fusion protein producing cells was precipitated with following antibodies: non-
specific IgG (negative control), H3K4me3 (positive control - recognizes chromatin of
transcribed genes), and GFP. ChIP analysis of housekeeping genes pf-actin (ACTB) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using the anti-H3K4me3 antibody was
used as a positive control. The recovery of the particular promoter region was calculated as the
relative amount of immunoprecipitated DNA compared to input DNA, i.e. percentage of the
input. (D) Luciferase reporter assay in SW620 cells harboring the truncated MSX]I alleles does
not indicate SP5 gene regulation by MSX1. Relative luciferase units (RLU) indicate level of
luciferase activity normalized to the number of transfected cells (measured by activity of renilla
enzyme). A luciferase reporter vector containing the SP5 promoter sequence with three
consensus MSX1 binding sites (nAATTAn; n stands for any nucleotide) was analysed; an empty
luciferase reporter vector was used as a control. Samples were measured in technical duplicates;
experiment was performed in two replicates, representative results are shown.

from the Sox17 locus and cloned into the luciferase reporter vector pGL4.26 (containing a
minimal promoter); alternatively, a 30 bp long dsDNA fragment with the two MSX1
binding sites was cloned into the pGL4.26 vector. Luciferase-reporter assay was performed
in SW620 wild-type cells and cells harboring truncations in the MSX/ gene. However, the
assay did not reveal MSX1-dependent regulation of the tested DNA sequences (Figure 47A,
B). Previously published studies also reported that Sox! 7 expression is reduced in Apc ™M™
mouse intestinal tumors and during adenoma progression to carcinoma®>*. To determine
SOX17 mRNA levels in human tumors, qRT-PCR analysis in a collection of RNA samples
isolated from human colorectal neoplasia specimens and matching healthy mucosa was
performed. SOX17 displayed slight decrease in early hyperplastic adenomas and increasing
tendency with progression to dysplasia and carcinoma (Figure 48A). SOX17 expression

was then analyzed in human colorectal tumors with tubular, tubulovillous or villous

morphology. However, no correlation between tumor morphology and SOX/7 mRNA
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levels was observed (Figure 48B). Finally, a correlation analysis of MSX7 and SOX17 was
performed on the collection of RNA samples isolated from human colorectal neoplasia.
Interestingly, a positive correlation between the mRNA levels of MSX/1 and SOX17 was
observed, although it was not statistically significant (Figure 48C).
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Figure 47 | Analysis of the Sox17 regulatory region. (A) The diagram shows MSX1 binding
sites (pink boxes) in the Sox/7 locus; exons and untranslated regions are depicted by filled or
empty boxes, respectively. The sequences of consensus MSX1 binding sites are shown; notice
that the sites are in a palindromic orientation. The 478 bp sequence indicated by black double
arrow was PCR amplified and cloned into the pGL4.26 luciferase reporter vector. Similarly, the
30 bp sequence containing two MSX1 binding sites (pink double arrow) was cloned into the
pGL4.26 plasmid as annealed complementary oligos. The numbers above the diagram indicate
nucleotide positions in the mouse genome assembly GRCm38:CM000994.2. (B) Luciferase
reporter assay in SW620 cells harboring the truncated MSX] alleles does not indicate Soxi7
gene regulation by MSX1. Relative luciferase units (RLU) indicate level of luciferase activity
normalized to the number of transfected cells (measured by activity of renilla enzyme). Two
luciferase reporter vectors containing consensus MSX1 binding sites (CAATTAG) within 478
or 30 bp long inserted DNA sequences were analysed. In addiotion, two reporters with mutated
MSX1 sites (CAcggAG; altered nucleotides are indicated in lowercase letters) were tested.
Empty luciferase reporter vector was used as a control. Samples were measured in technical
duplicates; experiment was performed in two replicates, representative results are shown.
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Figure 48 | SOX17 expression increases during colorectal neoplasia progression but is not
directly linked to the histological characteristic of human adenomas. (A, B) Quantitative
RT-PCR analysis of SOX/7 mRNA in samples obtained from human colorectal neoplasia
specimens. The samples were divided into categories based on the tumor grade (A) or tumor
histology (B) as follows: (A) healthy tissue (ctrl), hyperplastic adenomas (HYP; n = 9),
adenomas displaying low-grade dysplasia (LGD; n = 27) or high-grade dysplasia (HGD; n =
24), and colorectal carcinoma (CRC; n = 12); (B) tubular (n = 20), tubulovillous (n = 31), and
villous (n = 3). The amounts of RNA in individual isolates were normalized to the geometric
average of Ct values of housekeeping genes UBB and p2-microglobulin. The boxed areas
correspond to the second and third quartiles; the median of ACt values for each group of samples
is indicated as the black square. The range of the values is given by “whiskers” above and below
each box; outliers are indicated by black triangles. The significance between the SOX77 mRNA
level and neoplasia progression is demonstrated by the Spearman (p = 0.31) and Kendall (t =
0.24) coefficient values; *** p < 0.001. (C) Correlation analysis of SOX/7 and MSXI
expression in human colorectal neoplasia. The positive correlation is demonstrated by Pearson
correlation coefficient (p = 0.164), however, it was not statistically significant (p = 0.0503).
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4.4 HIC function in mouse intestines

The following chapter describes the results of a project that focused on investigation
of the Hicl tumor suppressor in the mouse intestine. Results of experiments I participated
in are shown. For a better understanding of the topic, several experiments I did not
participate in are mentioned in the text. Such results are, however, not shown in figures of

this thesis, and may be found in the article by Janeckova and colleagues'*°.

Hicl-deficient small intestinal epithelium contains increased numbers of
Paneth, goblet, and enteroendocrine cells

To examine function of the Hicl tumor suppressor, Pospichalova and co-workers
generated a mouse strain harboring conditional alleles of the Hicl gene®’!. The Hic]K9<k©
mice were intercrossed with ROSA-CreERT2 animals expressing inducible CreERT2
recombinase in all cell types. Mouse embryonic fibroblasts (MEFs) were isolated from
Hicl¥9K0  ROSA-CreERT2 mice and Hicl gene inactivation was induced by
administration of 4-OHT; control cells were administered with the solvent (ethanol) only.
The MEFs were harvested at several timepoints (24, 48, 72, and 120 hours) after 4-OHT
administration, total RNA was isolated and microarray analysis was performed. The gene
expression profiling revealed a subset of differentially expressed genes (with significance
criteria |logFC| > 1 and g-value < 0.05) in at least two timepoints, including toll-like
receptor 2 (7lr2). As TLR-mediated signaling has been linked to inflammation-associated
tumorigenesis in the colon and rectum?*, the relationship between T7LR2 and HICI was
analyzed in more detail. Luciferase reporter assay and ChIP analysis revealed direct
regulation of the TLR2 gene expression by HIC1 and siRNA-mediated downregulation of
HIC] resulted in the increased TLR2 levels in human cells, confirming that 7LR2 is the
HIC1 target gene.

Hicl?K9KO mice were further intercrossed with Villin-Cre mice expressing
constitutively active Cre recombinase in all intestinal epithelial cells. As the Hic1-deficient
intestines lacked any (observable) morphological changes and epithelial cells did not
exhibit impaired proliferation, we performed a detailed analysis of individual populations
of differentiated cell lineages. Small intestinal crypt cells obtained from Hic1K9K0 Villin-
Cre (Hicl1¥9%9) and control (Hicl™") mice were stained with anti-EpCAM (marker of
epithelial cells), anti-CD45 (marker of leukocytes), and anti-CD24 (marker of the crypt
base cells) antibodies and a subpopulation of CD45"EpCAM'CD24" cells (i.e. Paneth cells)
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was obtained. The FACS-analysis showed slightly increased amount of Paneth cells in the

Hicl-deficient crypts compared to Hicl-proficient crypts (Figure 49A). Paneth cells

1330 9227

maturation is under control of the transcription factors Atoh1”°" and Sox9-“’, which have

been described as Hicl-target genes in the developing mouse cerebellum?®!' and in human

osteosarcoma cells®®*

, respectively. Quantitative RT-PCR analysis confirmed, besides
decreased expression of Hicl, elevated levels of Afohl and Sox9 mRNA and, moreover,
also increased expression of 77r2 in Hicl-deficient Paneth cells (Figure 49 B). In addition,
immunohistochemical staining of the small intestine was performed using an anti-lysozyme
antibody, which specifically stains Paneth-cells. Subsequent analysis confirmed increased
number of Paneth cells in the HicI¥?%0 small intestine and, moreover, revealed that the
amount of Paneth cells increases along the rostro-caudal axis towards the distal part of the
small intestine, regardless of the Hicl absence (Figure 49 C). Moreover,
(immuno)histochemical staining of goblet and enteroendocrine cells by Periodic acid-
Schiff (PAS) or an anti-chromogranin A antibody, respectively, revealed increased
numbers of both cell types in the Hicl-deficient small intestine (Figure S0A, B). In contrast,
number of absorptive enterocytes was unchanged, as evidenced by qRT-PCR analysis of
enterocyte-specific markers hairy and enhancer of split-1 (Hes/) and sucrase isomaltase
(SI) and by histological staining of alkaline phosphatase produced by differentiated
enterocytes (Figure 50C).

Study of Mohammad and co-workers described accelerated formation of intestinal

Min mice upon loss of a single Hicl allele’?. Since inflammation

polyps developed in Apc
is a promoter of intestinal tumor development and the Hicl target gene 7/r2 is an important
component of the inflammatory immune response in the intestine (reviewed in'?), the
function of Hicl was examined also in the mouse model of colitis-associated tumorigenesis.
Acute colitis was induced in Hic1¥9“KO Villin-Cre (Hic1€°’) and control (Hicl™") mice
by DSS addition to drinking water; nevertheless, HicIX?%9 colon did not exhibit any
difference in the tissue damage in comparison to the Hicl ™" colon. However, during the
regenerative phase, i.e. 6 and 9 days upon DSS withdrawal, the Hic/X9%9 colonic
epithelium exhibited more robust proliferation. Finally, combined treatment with AOM and
DSS resulted in significantly increased size of tumors in the Hic15¥%%9 colon. Therefore we
suppose that in the intestines, Hicl functions as a tumor suppressor and its depletion from
the tissue partially deflects the balance of cell differentiation towards the secretory lineages.
More importantly, the Hicl transcription factor is particularly important during

regeneration upon inflammation-induced damage of the tissue.
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Figure 49 | Hicl ablation from the mouse small intestinal epithelium results in an increased
number of Paneth cells. (A) Small intestinal crypt cells obtained from Hicl1““?**° Villin-Cre
(HicI*9%%) and control (Hicl"") mice were stained and FACS-sorted to obtain CD45"
EpCAM'CD24" population of Paneth cells. The histograms show increased number of Paneth
cells in Hicl*?*° tissue. Four animals from both strains were used; the experiment was
performed twice; representative images are shown. (B) Quantitative RT-PCR analysis of RNA
obtained from sorted Paneth cells. The diagram shows decreased levels of Hicl mRNA and
elevated expression of Hicl target genes Atohl, Sox9, and Tlr2 in HicI*?*? cells relative to
Hicl™" cells (gene expression levels in control cells were arbitrarily set to 1). The gene
expression levels were normalized to internal housekeeping gene UBB; PCR reactions were run
in triplicates; the experiment was performed twice; representative results are shown. Error bars
indicate SDs; **, p < 0.01. (C) The diagram shows distribution of Paneth cells in the indicated
segments of the small intestine. Sections obtained from Hic/*?%° and Hicl™* mice were
immunohistochemically stained by anti-Lysozyme antibody (brown signal) to visualize Paneth
cells (right). Lysozyme-positive cells were counted in 50 neighboring crypts in several different
fields (duodenum: n = 5, jejunum: n = 10, ileum: n = 5). Four animals from both strains were
used in the experiment; representative images are shown. The sections were counterstained with
hematoxylin; error bars indicate SDs; scale bar: 0.15 mm.
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Figure 50 | Hicl ablation from the mouse small intestinal epithelium results in increased
number of goblet and enteroendocrine cells.

(A, B) The diagrams show distribution of goblet (A) and enteroendocrine (B) cells in the
indicated segments of the small intestine. Sections obtained from Hic/*°*° and Hicl™"" mice
were stained using Periodic acid-Schiff (PAS; magenta signal) and an anti-chromogranin A
antibody (brown signal) to visualize goblet and enteroendocrine cells, respectively (indicated
by black arrowheads). Cells were counted in 50 neighboring crypts in several different fields
(duodenum: n = 5, jejunum: n = 10, ileum: n = 5). Four animals from both strains were used in
the experiment; representative images are shown. The sections were counterstained with
hematoxylin; error bars indicate SDs; scale bar: 0.15 mm. (C) Left, qRT-PCR analysis of RNA
obtained from Hic/X%° and Hicl™* small intestinal epithelial cells. The diagram shows
expression of enterocytes-specific markers hairy and enhancer of split-1 (Hes/) and sucrase
isomaltase (S7) in Hic1¥?%°
to Hicl™" cells. Gene expression levels in control cells were arbitrarily set to 1; another
housekeeping gene fS-actin is shown; error bars indicate SDs. Right, staining of alkaline

cells normalized to internal housekeeping gene UBB and relative

phosphatase (magenta signal) produced by differentiated enterocytes. The sections were
counterstained with hematoxylin; scale bar: 0.15 mm.
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5 Conclusions

Although the function of the Msx1 protein has been thoroughly described in the
mouse embryonic development, due to the perinatal lethality of the Msx”" mice, there were
not many studies that would address the Msx1 function in adult tissues. Additionally, the
role of Msx1 in the intestines has not been described at all. In this thesis, we aimed to clarify
the function of Msxlin the healthy intestine and its involvement in development of
intestinal tumors. Our aim was to identify the effect of Msx/ gene inactivation on intestinal
morphology and tumor growth. We observed that under homeostatic conditions, Msx/
expression in the mouse intestines was virtually undetectable; however, after inactivation
of the gene encoding the tumor suppressor Apc, Msx/ expression significantly increased.
Although we failed to describe the Msx1 function in intestinal tumorigenesis at the
molecular level, our observations clearly show that Msx1 is essential in the process of
ectopic crypt formation. In addition, it is very likely that Msx1 plays an important role in
development of intestinal tumors, as its inactivation causes morphological conversion
towards villous adenomas, which represent a more advanced type of CRC. Concordantly,
in human intestinal tumors MSX! is most abundant in early stages of neoplasia with a
decreasing tendency towards carcinoma. Nevertheless, studies published previously that
focused on the MSX1 role in human cancer often brought contradictory conclusions.
Therefore, another objective of this work was to describe the MSX1 function in human
intestinal tumors. Unfortunately, our results did not provide a clear answer to the question
of how MSXI1 affects human tumorigenesis. MSX/ inactivation in human CRC cells did
not affect cellular proliferation or migration. Moreover, in MSX1-deficient CRC cells we
did not observe any differences in their ability to xenograft when injected into the
immunodeficient mice. However, our results indicate that MSX1 represents a robust marker
of human colorectal tumors.

Although we utilized different approaches to identify MSX1-regulated genes in the
mouse intestinal epithelium and human tumors, we have not succeeded in identification of
MSX1 binding sites in the regulatory regions of selected genes, whose expression changed
upon MSXI1 depletion. However, the gene expression profiling in human CRC cells
revealed a significant overlap between putative MSX1-regulated genes and a group of
genes, whose regulatory regions were bound by -catenin. We therefore suggest that MSX1
is involved in transcriptional regulation of a specific gene subset that is regulated by other

effector proteins of the Wnt signaling pathway as well.
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Finally, the last aim of this thesis was to investigate the effect of inactivation of the
tumor suppressor gene Hicl in mouse intestinal tissue. The results presented in this theses
represent only a part of the Hicl project. Specifically, I contributed to the Hicl “story” by
analyzing changes in the representation of various differentiated cell types present in the
small intestinal epithelium. We confirmed that Hicl downregulates expression of Atohl
and Sox9, two genes encoding transcription factors which have important functions in
differentiation of intestinal epithelial cells. Depletion of Hicl resulted in upregulation of
these two genes and subsequent increase in numbers of Paneth, goblet, and enteroendocrine
cells. Further results of the Hicl project, which are not included in this theses, suggest that
Hicl downregulates expression of 77r2. Inasmuch as the Tlr2-mediated activation of the
NF-kB signaling pathway promoted intestinal tumorigenesis, we suggest that Hicl

inactivation might potentiate tumor-promoting pro-proliferative Tlr2/NF-kB signaling.
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6 Discussion

In this study, we aimed to describe the function of two transcription factors, MSX1
and HICI1, which are both linked to the Wnt signaling pathway and (presumably) have
tumor suppressor functions. The main part of the study dealt with the role of MSX1 in the
mouse intestines and human CRC, while the final chapter of the results described the effect
of Hicl loss in the mouse small intestine.

The initial experiment that led us to study Msx1 in the intestines was based on
identification and characterization of the genetic program in transformed epithelial cells
after loss of the tumor suppressor Apc, i.e. upon hyperactivation of the Wnt signaling
pathway. We used experimental mice harboring conditional alleles of the Apc gene and
expressing Cre recombinase in all intestinal epithelial cells. The gene expression profiling
of cells obtained from the intestines before and after Apc inactivation revealed significant
changes in expression of many genes, including several previously described Wnt target
genes as well as many “new” genes whose function has not been linked to the Wnt signaling
pathway in the context of the gastrointestinal tract yet.

One of the genes with the most increased expression after Apc inactivation was Msx|1
(also known as Hox7), nuclear protein that belongs to the muscle segment homeobox
family of transcription factors (Figure 15). In mice, Msx1 has been studied predominantly
during embryogenesis where it is involved in numerous processes such as development of
the teeth, limbs, and brain® 3% 2% In human, MSX1 has been studied especially in the
context of craniofacial development, as mutations in MSX/ are linked to tooth agenesis,
cleft lip and cleft palate!>! 154 239386 Although the MSX1 function in human colorectal
cancer has not been properly described yet, few studies identified MSXI promoter

320, 350, 396

hypermethylation in colorectal neoplasia , suggesting functional consequences of

MSX1 downregulation in tumor cells**°.

Nevertheless, many other independent research groups presented data more consistent with
our results which indicate that Msx1 is a marker of tumor tissue®** 32> 3°_ Moreover, data
provided by the BioGPS portal, which allows extensive analysis of data acquired from gene
expression experiments, showed that MSX/ is predominantly expressed in samples
obtained from colorectal adenocarcinoma (Figure 38). Moreover, according to data
available in the COSMIC database’®, MSXI is only rarely mutated in human colon tumors

(15 mutated samples in 1564 tested samples). Therefore it is tempting to speculate that in

colorectal cancer, MSX1 works as a tumor-promoting gene and might have some important
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functions. As we observed the highest MSX1 expression in early stages of human intestinal
neoplasia with a decreasing tendency towards carcinoma, we suppose that MSXI is
probably important during tumor initiation and in the early stages of CRC development
rather than in more advanced carcinoma.

It is generally assumed that Apc depletion from the intestinal epithelium results in
hyperactivation of the Wnt signaling pathway, which leads to perturbation of the gene
expression program essential for stemness of epithelial cells; this is closely associated with
deregulated cell proliferation, migration, differentiation, and apoptosis. The Apc-deficient
intestinal epithelium exhibits altered crypt-villus architecture with the prolonged crypt
compartment containing highly proliferating and abnormally dense packed cells; moreover,
morphologically atypical crypt-like cells occupy majority of the villous compartment
adjacent to the crypts*®. Although it is believed that the sole inactivation of the Apc gene
does not lead to ectopic crypts formation'®, we observed fully developed ectopic crypts in
the villi seven days upon Apc inactivation (Figure 20). Moreover, our data show that in the
Apc-deficient small intestinal epithelium, the seemingly continual hyperplastic crypt
compartment consists of two parts, the “standard” ISC compartment with crypts oriented
to the underlying mucosa, and the proliferating region in the villi containing the Msx1-
positive ectopic crypts. The organization of the intestinal epithelium is driven, apart from
ISCs division, by generation of new crypts by fission**. This program, which is highly
active in developing embryos and attenuated postnatally, is restored in cancer tissue and
promotes tumorigenesis® ** 27, Moreover, under some (pathological) circumstances,
abnormally oriented crypts (i.e. ectopic crypts) located in the villi may develop. Several
independent studies described possible ways of the ectopic crypts formation in the mouse
intestine. Aberrant expression of the BMP signaling pathway inhibitor noggin or gremlin 1
initiated budding of intravillous ectopic crypts followed by development of dysplastic
features that progressed to polyposis'” * 192, Madison and colleagues observed that
inhibition of the Hedgehog signaling pathway impaired the crypt-villus architecture, which
was accompanied by ectopic crypts formation?®®. In addition, aberrant expression of the
Ascl2 transcription factor induced ectopic crypts development accompanied by increased
proliferation of the crypt compartment®”’. Proliferating aberrant foci were also observed
upon simultaneous hyperactivation of the NF-kB and Wnt signaling pathways. As these
foci expressed the stem cell markers 4Ascl2 and Lgr5, the authors proposed that formation
of the proliferating aberrant foci was triggered in villus cells by induction of a
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dedifferentiation program”. Recently, Perekatt and colleagues also reported that ectopic
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crypts may arise from differentiated cells. Interestingly, inactivation of the differentiation-
promoting transcription factor SMAD4 and simultaneous activation of the Wnt signaling
pathway caused that enterocytes re-entered the cell cycle, restored expression of stem cell

markers, and initiated formation of ectopic crypts>®’

. We cannot rule out the possibility that
the ectopic crypts are generated by cell dedifferentiation also in our experiments. However,
our observations of proliferating and Msx1-positive cells at various time points after Apc
inactivation rather suggest that the ectopic crypts arise from cells that originated from the
“standard” crypt compartment and which are aberrantly located in the villi (Figure 20 and
27). In human, the presence of ectopic crypts represents a characteristic feature of serrated
adenomas, a minor fraction of CRC which typically progress to aggressive tumor stages?>.
Although we have observed that Msx1 marks the ectopic crypts in mice, our analysis of
human CRC revealed elevated MSX/ expression across all stages of colorectal tumors
(Figure 39A), indicating an important role of MSX1 in cancer initiation and progression.

While Msx!I activation in the intestinal tissue is closely associated with Apc loss,
Msx 1-positive cells are not present in the hyperplastic crypt compartment, but are located
in the villi. This indicates that another regulatory mechanism is probably involved in Msx/
gene expression in the intestines. Wallmen and colleagues discovered that the transcription
factors from the TCF/LEF family are not able to bind silent chromatin and initiate de novo
expression of inactive genes, thus ensuring spatiotemporal stability of the Wnt target genes
expression®®?. Interestingly, numerous independent studies reported that during embryonic
development and in human cancer cells, Msx/ expression is regulated by the BMP signaling
pathway?'* 216, In the intestines, the activity of BMP signaling is restricted to the villous
compartment and decreases towards the crypts, where it is locally attenuated by production
of BMP antagonists'® !>, Some BMP-activated SMAD transcription factors are (in
association with other proteins) able to induce specific DNA demethylation and
rearrangement of repressive histone marks, thus allowing initiation of gene expression
(reviewed in?!%). We propose that once the recombined cells migrate out of the crypt
compartment, the chromatin within the Msx/ locus is “opened” by protein complexes
containing SMAD transcription factors and subsequently the B-catenin/Tcf complexes can
activate Msx/ expression.

Although our results strongly suggest that Msx1 is indispensable for ectopic crypt
formation after Apc inactivation, the molecular mechanism of how Msx1 influences
formation of the ectopic crypts is not clear. The Apc-/MsxI1-double-deficient small

intestinal epithelium does not form the ectopic crypts, but remains smooth. This is

128



accompanied by increased number of proliferating PCNA-positive cells that reach up to the
top of the villi. In contrast, the number of differentiated cells is reduced, as evidenced by
significantly decreased expression of the differentiated cells marker H3K27me3 (Figure
28). Immunohistochemical staining of Paneth and goblet cells also showed a slight decrease
in Apc-/Msx1-double-deficient intestinal epithelium; nevertheless, this observation was not
confirmed at the level of mRNA expression of respective markers. Paneth cells marker
lysozyme was not reduced in the Msx 1-deficient epithelium at all, and reduction of another
markers cryptdins was not statistically significant. In contrast, goblet cells marker mucin 2
exhibited, surprisingly, slightly increased expression in the Msx1-deficient intestinal
epithelium (Figure 29). Additionally, the villi in the Apc-/Msx1-double-deficient
epithelium contained large amounts of cell clusters positive for the stem cell markers Ascl2
and Olfm4 (Figure 22), suggesting that the expression program of these cells is altered.
Nevertheless, these cell clusters are not able to create the intravillous invaginations and
establish the ectopic crypts. We suppose that the path leading to the ectopic crypts
formation is initiated but for an unknown reason the ectopic crypts fail to develop. Our
observations thus implicate that formation of the ectopic crypts is interconnected with
intestinal epithelial cells differentiation and that Msx1 inactivation impairs the process.
We further investigated the consequences of Msx/ depletion from the intestinal
epithelium on the level of cell cycle regulation. Several studies described that MSX1 may
influence cell proliferation by transcriptional regulation of genes responsible for cell cycle
progression®>” 422, Although we observed increased percentage of cells in the G2 and S
phase in the Apc-deficient epithelium, there was no difference between Apc-deficient and
Apc-/Msx1-double deficient epithelium (Figure 30). We suppose that Msx1-dependent
regulation of the cell cycle might be cell type specific. Alternatively, it is possible that the
epithelial cells have already reached their maximal proliferation capacity after Apc
depletion and further increase after Msx/ inactivation is not possible. In addition, we
observed that Msx1 depletion from the Lgr5-EGFP-IRES-CreERT? intestines caused
histological changes of developed adenomas reminding conversion from tubular to villous
morphology (Figure 32). In humans, the villous adenomas are often larger than the tubular
or tubulovillous adenoma and display more severe degree of dysplasia and a higher risk of
malignant transformation. Nevertheless, in our collection of human CRC samples, we did
not observe any correlation between the adenoma morphology and MSX!] expression
(Figure 39B). Since Msx1-deficient tumors exhibited features typical for more advanced

stages of CRC, we postulated a hypothesis that Msx1-deficient mice could have a worse
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survival rate in comparison to mice with wild-type Msx/. We therefore performed analysis
where we compared survival of mice after Apc inactivation or simultaneous inactivation of
Apc and Msx1. Surprisingly, we observed slightly prolonged lifespan of the Apc-/Msx1-
double-deficient mice; however, statistical analysis showed that this difference was not
significant (Figure 31).

As the whole-body inactivation of the Msx/ gene in mice results in perinatal
lethality®!'!, the impact of Msx1 loss on the adult intestines has not been described. Besides,
studies employing conditional Msx/ alleles did not deal with the intestinal tissue. In our
experiments, conditional inactivation of Msx/ in the adult intestinal epithelium had no
apparent impact on the intestinal morphology or histology. The absence of any visible
phenotype may be due to the fact that Msx1 loss is compensated in intestinal tissue by the
Msx2 gene. The mouse family of Msx genes has three members: Msx/, Msx2, and Msx3*.
While Msx3 is expressed only in the dorsal neural tube?*3%°, Msx1 and Msx2 expression
is much broader and often overlapping. Both genes have important functions in
embryogenesis, e.g. in development of limbs, teeth, craniofacial bones, and heart!!!- 127 128,
184,288 TInterestingly, Msx and Msx2 often exhibit functional redundancy'?”> 128 184 byt in
some embryonic tissues their expression patterns are complementary'®®. Msx2”" mice are
viable, although they have numerous developmental defects in the skin, teeth, mammary
glands, cartilages, and bones'*® 312, Msx /7~ Msx2”" mice display more severe phenotype
than the single mutants and die prenatally® '%% 141:184 ' A5 these two transcription factors are
closely functionally redundant, we plan to inactivate both genes in mouse intestines to see
whether the phenotype we observed in the Msx1-deficient tissue is somehow biased by the
activity of Msx2. In addition, MSX2 has been described as the Wnt target gene**®. In our
experiments, we usually observed almost identical trends in MSX] and MSX2 expression,
especially in human cells. Moreover, MSX2 expression was elevated in human tumors and
positively correlated with MSX1 expression. Overall, it seems likely that MSX1 and MSX2
genes are redundant and regulated by similar mechanisms.

In mice, the Msx 1 expression levels are very low in the healthy intestinal epithelium
(Figure 19), therefore the absence of any visible phenotype after Msx/ inactivation could
be explained by the fact that under homeostatic conditions, Msx 1 has no essential functions
in the tissue. To test the possibility that Msx1 does have some functions in the intestinal
epithelium under homeostatic conditions, we established organoid cultures from intestinal
crypts and monitored their growth and survival after passage. Nevertheless, the Msx1-

deficient organoids looked same as the control organoids and displayed no defects in
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growth (Figure 25). Moreover, we employed two models of intestinal tissue damage in
mice. The mice were either irradiated by a sublethal dose of X-rays which leads to depletion

{274

of the stem cell compartment””, or administered with DSS in drinking water, which induces

acute colitis'?!

. Nevertheless, in both cases we did not notice any difference in the recovery
of the colonic epithelium between control and Msx 1-deficient animals (Figure 26).

Analysis of the gene expression program in the Msx1" ectopic crypt cells revealed
increased expression of Wnt target genes Axin2, Lgr5, and SP5. In contrast, the Wnt target
gene and stem cell marker Olfm4 was downregulated, which indicates that the gene
signature of ectopic crypt cells differs from the gene expression program of ISCs (Figure
22). Interestingly, while van der Flier and co-workers induced ectopic crypts formation in
Ascl2-overexpressing transgenic mice®’’, we observed increased expression of Ascl2 in
ectopic crypts upon Apc inactivation. Nevertheless, ChIP analysis did not confirm direct
binding of Msx1 to the regulatory regions of the Ascl2 gene. We are aware that the FACS-
sorting of ectopic crypt cells needs optimization to obtain a clearly separate population of
Msx 1-positive cells; this should be taken into account when drawing conclusions from
these results. A better approach would be to generate transgenic mice harboring an allele
expressing fluorescently tagged Msxl protein and sort cells directly based on the
endogenous fluorescence. Nevertheless, this approach is very time consuming and at the
time of writing this theses, we did not have such transgenic mice.

Alternatively, we attempted to identify genes regulated by Msx1 in Apc-deficient
epithelium. However, our analysis did not provide clear results. The significance criteria
(logFC| = 1 and g-value < 0.05) were only reached in case of the Stk32b gene. We are
aware that Msx/ expression in Apc-/Msx1-double-deficient epithelium was slightly
increased in comparison to control epithelium. This is not surprising since the expression
of Msx1 in the healthy intestinal epithelium is undetectable (normalized Ct values > 42). In
addition, immunohistochemical staining upon simultaneous inactivation of Apc and Msx1
revealed residual production of the Msx1 protein in cells that apparently escaped
recombination (Figure 27A). Anyway, Msx/ expression in the Apc-/Msx1-double-deficient
epithelium is still significantly reduced in comparison to Msx 1 -proficient epithelium (ACt
values > 4), which indicates that incomplete Msx/ inactivation should not impair the results
of the gene expression profiling. We suppose that the gene expression profiling of the entire
epithelium did not have sufficient resolution to detect all differences between Msx1-

deficient and Msx1-proficient epithelium. The STK32h gene encodes a serine-threonine
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protein kinase and its deletion has been associated with Ellis-van Creveld syndrome, a
human disease affecting development of bones, teeth, and heart. STK32b was also described
as a putative biomarker of more aggressive types of breast tumors and its elevated
expression was associated with smaller size of oral squamous cell carcinoma®> 34,
Moreover, single-nucleotide polymorphisms (SNPs) in the STK32b gene have been
described in patients with non-syndromic orofacial clefts'*’. Since STK32b and MSX]I loci
are in a close proximity in both the mouse and human genome, it is possible that the genetic
manipulation of the Msx/ locus caused aberrant expression of the Stk32b gene in mice.
Nevertheless, we did not observe any interconnection between Msx/ gene inactivation and
Stk32b expression levels in the mouse intestine and thus the relationship between these two
genes remains unclear. Furthermore, increased expression of the gene encoding
transcription factor Sox17 was observed in both the Msx1" ectopic crypt cells and in the
Apc-/Msx1-double-deficient epithelium (Figure 36). Previous studies described Sox/7 as a

335, 428 It was

direct Wnt target gene® and a negative regulator of canonical Wnt signaling
also shown that ectopic expression of Sox transcription factors, including SoxI7'%,
converts differentiated cells into the stem cell-like state (reviewed in*%). This is in
accordance with our observation of decreased numbers of differentiated cells and increased
expression of ISC markers in the Apc-/Msx1-double-deficient epithelium, where Sox/7
expression was elevated as well. It was previously suggested that Sox17 promotes
degradation of B-catenin and Tcf4*%. Since we observed increased Sox/7 gene expression
in the Apc-/Msx1-double-deficient intestinal epithelium, we investigated -catenin and
Tcf4 expression using immunohistochemical staining. Our hypothesis was that loss of
Msx1 could promote Sox17-mediated degradation of P-catenin and Tcf4 proteins.
Nevertheless, we did not observe any changes in the -catenin or Tcf4 protein production
in the Msxl-deficient small intestinal epithelium or tumors. SOXI/7 promoter
hypermethylation and downregulation of the gene expression was found in human
colorectal tumors®? 333390427 In contrast, we detected elevated levels of SOX77 mRNA in
human colorectal neoplasia as well as in the hyperproliferative mouse intestinal epithelium.
However, although the SOX17 promoter contains putative MSX1 binding sites, luciferase
reporter assay did not reveal a direct regulation by MSX1.

The MSX1 function in human cancer cells, especially in CRC, has not been studied
thoroughly and previous studies often brought contradictory suggestions of MSX1 function
in cancer cells. Human CRC cells SW480 and SW620 with the MSX/ gene disrupted

seemed to grow faster than cells with the MSX/ gene intact. Therefore we performed cell
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cycle analysis and viability assay. Nevertheless, MSX1-deficient cells did not show any
changes in proliferation or cell cycle progression. It was previously reported that Msx1 is
required for the epithelial-mesenchymal transition (EMT) in the developing mouse heart!?®.
EMT, a process when epithelial cells undergo biochemical and morphological changes to
become migratory mesenchymal cells with invasive properties (reviewed in'*%), is activated
in cancer cells during invasion and metastasis (reviewed in'°"). Therefore a “wound healing
assay” was utilized to test the migratory properties of MSX1-deficient SW620 cells;
however, MSXI inactivation had no effect on the ability of cells to migrate. Finally, to test
the ability of MSX1-deficient cells to establish xenotransplants and grow in vivo, SW620
cells were subcutaneously injected into the lumbar back area of immunodeficient NSG™
mice. After 4 weeks, no differences were observed between dissected tumors derived from
MSX1-deficient or control cells. We suppose that the lack of any (observable) differences
between MSX1-deficient and MSX1-proficient SW620 cells may be attributed to the fact
that SW620 cells are derived from a lymph node metastasis of a colorectal tumor. It is
possible that these cells are already too “advanced”, so MSX1 inactivation does not cause
any change in their proliferation capabilities. Because we observed the highest increase in
MSXI expression in low grade dysplasia, we assume that MSX1 might have functions at
early stages of tumor growth and its inactivation would not affect tumors in more advanced
stages or even metastasis.

The gene expression profiling of human CRC cells SW620 revealed more than 200
genes with significantly altered expression upon MSX! gene disruption and some of these
genes have been previously described as B-catenin target genes in SW480 cells*®. As all
of these genes were upregulated in MSX1-deficient SW620 cells, we supposed that MSX1
could function as a transcriptional repressor of genes activated by the Wnt/B-catenin
signaling pathway. Nevertheless, we were not able to experimentally verify our hypothesis
due to technical problems with chromatin sonication for the ChIP-seq analysis, which
would probably be the best method for identification of functional MSX1-binding sites in
the genome.

Finally, we tried to identify function of the tumor suppressor Hicl in the mouse
intestine using the mouse strain allowing Hicl inactivation throughout the intestinal
epithelium. Inactivation of the Hicl gene in the mouse intestine led to a mild increase in
numbers of Paneth, goblet, and enteroendocrine cells. This phenotype was probably caused
by elevated expression of the Hicl target gene Atohl, which in the small intestine functions

as the master regulator of secretory cell lineages®*°, as it was previously described that
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418 We assume

Atohl depletion results in loss of Paneth, goblet, and enteroendocrine cells
that the minor differences between the Hicl-deficient and the Hicl-proficient epithelium
were caused by the utilization of the Villin-Cre mouse strain. The constitutively active Cre
recombinase is expressed from the embryonic day 12.5 throughout the intestinal
epithelium; however, in our previous experiments, we observed that some of the intestinal
cells probably attenuate the Cre expression as the whole tissue appears to be a mosaic. We
suppose that utilization of the strain expressing tamoxifen-regulated CreERT2 would
provide more pronounced differences between the Hicl-deficient and Hicl-proficient
tissue.

Since 2015, when we published our findings of Hicl function in mouse intestines,
only few articles dealing with Hicl in intestinal tissue and tumors have been published. In
2016, Janeckova and co-workers described a study combining experiments performed on
colorectal polyps and carcinomas from patients and bioinformatics analysis of publicly
available datasets. Their analysis of H/CI gene expression and methylation indicated that
HIC1 is downregulated in premalignant stages of colorectal tumors due to methylation of
its regulatory region. Of note, HIC1 expression was specifically increased in a group of
tumors sensitive to chemotherapy'*’. In consistence with these results, a year later Okazaki
and colleagues discovered an important regulation of HI/CI in patients with metastatic
CRC, which could serve as a predictive mark for responsiveness to oxaliplatin-based
chemotherapy. They found that the number of tandem repeat (TR) sequences, a 70 bp long
sequence tandemly repeated in the HICI promoter and associated with HICI expression,
indicates responsiveness to chemotherapy. HIC1 represses transcription of SIRT'1, a histone
deacetylase which indirectly activates the nucleotide excision repair (NER) pathway. In
patients with less than four TRs in the HICI promoter, the HICI gene expression was not
impaired, therefore SIRT/ remained inhibited and could not activate the NER pathway,
which contributed to oxaliplatin-sensitivity and better survival of treated patients®*S,
Interestingly, Chen and colleagues reported that loss of HI/CI methylation correlated with
decreased migration of colorectal tumors'?*. Together, these data confirm that HIC1 is an
important tumor suppressor, whose expression level can serve as a good marker

determining the sensitivity of (colorectal) tumors to chemotherapy.
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